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ABSTRACT
CHARACTERIZATION OF THE MIR-44 FAMILY OF MICRORNAS
IN THE C. ELEGANS GERMLINE

Katherine A. Maniates B.A., B.S.
Marquette University, 2020

While numerous individual miRNAs have been detected in the germline,
the functions of most other specific miRNAs remain largely unknown. Functions
of miRNAs have been difficult to determine as miRNAs often modestly repress
target mRNAs and are suggested to sculpt or fine tune gene expression to allow
for the robust expression of cell fates. Analysis of newly generated mir-44 family
mutants has identified a group of miRNAs that modulate the pathway of germline
sex determination in C. elegans. Mutants produce fewer sperm and display an
earlier switch to producing oocytes. In the germline, cell fate decisions are made
for germline sex determination during C. elegans hermaphrodite larval
development when sperm are generated in a short window before the switch to
oocyte production. To understand the genetic relationship between mir-44/45 and
the genes that regulate the switch from producing sperm to oocytes, I examined
several components of this pathway. The results suggest that mir-44/45
regulates proper fog-1 expression through fbf-1 and fem-3 to promote sperm
specification. Our research indicates that the mir-44 family promotes sperm cell
fate decision at the time of the developmental switch from spermatogenesis to
oogenesis. In addition to the function of the mir-44 family in hermaphrodite sex
determination, I have also identified a function of mir-44/45 in regulating the
process of spermiogenesis and sperm transfer in males. Mutant male sperm
frequently fail to activate and during mating mir-44/45 sperm often do not transfer
following interaction with hermaphrodites. The combination of these results in
males and hermaphrodites indicate that the mir-44 family of microRNAs functions
to regulate multiple processes in C. elegans development and germline function.
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Chapter 1: Background and Significance

Overview
microRNAs (miRNAs) are ~22 nucleotide non-coding RNAs that act as
small guide RNAs. miRNAs typically bind in the 3’ UTR of target messenger
RNAs (mRNAs) to repress translation (Reviewed in Ambros and Ruvkun, 2018;
Bartel, 2018). They are found in nearly all multicellular organisms from humans
to flies, plants and worms (Lee et al., 2007a). These molecules play an important
role in the regulation of gene expression. Misregulation of miRNAs is observed in
many human diseases including cancer and heart disease (Macfarlane and
Murphy, 2010). miRNAs are also misregulated in conditions such as immune
disorders and infertility (Reviewed in Kotaja, 2014; Raisch, 2013). In the last
nearly 20 years, much progress in this area has been made. However, the
specific functions and target mRNAs that miRNAs function to regulate have been
difficult to establish. While there are many miRNAs, some of which have known
biological functions, some miRNAs have either have no known function or still
have additional functions to be elucidated. This work seeks to further understand
the function of one set of miRNAs in C. elegans, the miR-44 family. miRNAs
were discovered in C. elegans. Decades of research coupled with the many
genetic and molecular tools makes this an ideal system to study miRNAs.
One area of miRNA function that is still poorly understood is the role of
miRNAs in the germline. Reduced miRNA biogenesis activity, which decreases
the number of mature miRNAs generated, results in germline defects with sterility
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or reduced fertility (Brown et al., 2017; Bukhari et al., 2012; Denli et al., 2004;
Grishok et al., 2001; Rios et al., 2017). While numerous individual miRNAs have
been detected in the germline (Bezler et al., 2019; McEwen et al., 2016; Minogue
et al., 2018), the functions of most germline miRNAs remain unknown.
Identification of the functions of miRNAs have been difficult to determine
as miRNAs often modestly repress target mRNAs and are suggested to sculpt or
fine tune gene expression to allow for the robust expression of cell fates. Thus,
loss-of-function miRNA mutants often don’t have penetrant, easily observable
mutant phenotypes (Alvarez-Saavedra and Horvitz, 2010; Miska et al., 2007).
The focus of this work is to understand how the mir-44 family of miRNAs
function in C. elegans, particularly in the germline. The mir-44 family is made up
of four miRNAs that likely bind to the same target mRNAs. The functions of the
mir-44 family was not previously able to be fully characterized due to the close
genetic locations of mir-44 and mir-45. Intriguingly, mir-44 and mir-45 are
identical to one another and therefore are functionally redundant (Lau et al.,
2001). The goal of this study was to understand the biological functions of the
mir-44 family, with a focus on germline function. Through this work, I have
identified roles for the mir-44 family in promoting sperm fate and regulation of
egg laying in hermaphrodites and in sperm transfer and migration in males.
1.1 microRNA Biogenesis
miRNAs are typically transcribed by Pol II (Lee et al., 2004), as the
primary miRNA transcript (pri-miRNA) in the nucleus (Figure 1.1 (Lee et al.,
2002). The pri-miRNA forms a hairpin through the reverse complementary
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sequences. It is then processed by Droshaand Pasha as part of the
microprocesser complex. Drosha, an endonuclease cuts the stem of the hairpin
leaving a ~60-nucleotide stem loop (pre-miRNA) (Lee et al., 2003). Pasha, also
known as DGCR8, is a necessary cofactor that recognizes the pri-miRNA to
bring Drosha in to cut the stem (Han et al., 2009; Kim et al., 2016). The premiRNA is exported to the cytoplasm. The pre-miRNA in the cytoplasm is then cut
by Dicer at the loop leaving a duplex miRNA, comprised of the miRNA and
passenger strand, called miRstar. The miRstar strand is usually degraded (Lee et
al., 2007a).
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Figure 1.1 Cartoon of miRNA biogenesis. mir-x, any miRNA gene; AGO,
Argonaute. * Star strand of miRNA. Each colored box represents a miRNA
biogenesis gene. Modified from (Bartel, 2018). miRNAs are first transcribed by
Pol II in the nucleus, making a hairpin structure. It associates with Drosha and
Pasha (microprocessor complex) to cleave and generate the pre-miRNA
structure. The pre-miRNA is exported to the cytoplasm by Exportin 5. In the
cytoplasm, Dicer cleaves to make a duplex. One strand (*) is degraded and the
other associates with the miRISC complex with an Argonaute for posttranscriptional silencing of target mRNAs to which miRNAs bind with imperfect
complementarity.
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1.2 Formation of the miRISC
After the duplex miRNA is generated in the cytoplasm, it joins a series of
proteins called the microRNA Induced Silencing Complex (miRISC). The miRISC
complex is primarily composed of Argonaute proteins (ALG-1, ALG-2, or ALG-5)
as well as other proteins such as NHL-2 (a Trim-NHL protein) and CGH-1 (an
RNA helicase domain protein), AIN-1/2 (Alg-1 Interacting Protein) and GLH-1
(Germline Helicase) (Dallaire et al., 2018; Ding et al., 2005). The miRISC has a
slightly different protein compositions in the germline and somatic cells.
Somatic miRISC: At the core of the miRISC complex is the microRNAribonucleotide protein complex (miRNP) which is only made of Argonautes and
AIN-1/2, also known as GW182 in other organisms (Ding et al., 2005; Zhang et
al., 2009; 2007). The miRNP recognizes target mRNAs through sequence
complementarity between the miRNA and elements in the 3’ UTR of mRNAs.
The Argonautes are proteins that mediate target-sensing for silencing to occur
(Reviewed in Yigit et al., 2006). The Argonautes that most frequently associate
with miRNAs in somatic cells are ALG-1 and ALG-2 (Brown et al., 2017; Grishok
et al., 2001). Mutants of alg-1 and alg-2, have severe developmental defects, a
buildup of small RNAs that are not degraded and are embryonic lethal (Grishok
et al., 2001). Other miRNA effectors have also been identified, including AIN-1
and AIN-2, which are homologous to GW182 proteins and involved in posttranscriptional gene regulation (Ding et al., 2005). AIN-1/2 are involved in miRNA
activity and show interactions with other miRISC complexes members ALG-1 and
DCR-1 (Ding et al., 2005). NHL-2 and CGH-1 are cofactors of the miRISC,
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functioning to increase the level of post-transcriptional repression of target
mRNAs. These cofactors associate with ALG-1/2, and AIN-1 on P-bodies. The Pbodies are cytoplasmic components with many RNP complexes and a site of
translational repression and decay (Parker and Sheth, 2007). NHL-2 and CGH-1
act to increase the efficiency of miRNA target interactions, making the repression
more robust (Hammell et al., 2009). Together, these core protein components
make up the miRISC that are involved in mediating the post-transcriptional
regulation of miRNAs in somatic tissues in C. elegans (Figure 1.2A).
Germline miRISC: The miRISC complex in the germline has a slightly
different makeup than miRISC in somatic cells. Differences in these complexes
suggest tissue specific gene regulation by miRNAs (Figure 1.2B). AIN-1/2 was
not detected in the germline but GLH-1, a germline helicase which localizes to Pgranules in the cell, was identified (Dallaire et al., 2018). The P-granules, are
germ granules that function in the repression of somatic cell fate specification
(Campbell and Updike, 2015; Schisa et al., 2001; Updike et al., 2014). They can
associate with nuclear pores to modulate expression of specific genes (Reviewed
in Updike and Strome, 2010). Additionally, germline-expressed miRNAs were
found to localize to the nuclear periphery, co-localizing with the P-granules
(Dallaire et al., 2018). In addition to ALG-1 and ALG-2, which were previously
identified as miRNA specific Argonautes, ALG-5, was also identified as a miRNA
specific Argonaute (Brown et al., 2017). ALG-5 only appears to associate with a
subset of miRNAs. Expression of ALG-5, indicates that it functions primarily in
the germline and subcellularly localize to the P-granules as well (Brown et al.,

7
2017). The somatic and germline miRISC complexes share most components.
However, these differences shift the paradigm of the function of the miRISC.
Classically, the miRISC was exclusively thought to recruit for the repression of
target mRNAs but this model of stabilization reveals that miRNAs may act in a
tissue specific manner similar to other small RNAs such as the 22G RNAs or
piRNAs which can function either in gene silencing or activation (Reviewed in
Claycomb, 2014). Therefore, miRNAs and other small RNAs may function in an
even more complex system than previously established.
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Figure 1.2. Somatic and Germline tissues have different silencing
mechanisms. Schematic depicting components of the tissue specific silencing
complexes. AGO: Argonaute. In the left side of the diagram, in somatic tissues,
the silencing complex leads to translational repression which degrades the
mRNA. This can happen through translational repression where the mRNA is
cleaved or through blocking initiation or elongation from occurring in translation.
mRNA decay can also occur through deadenylation or decapping of the poly-A
tail of the mRNA by specific factors such as CCR4-NOT. In the germline, mRNA
degradation can happen similarly to the soma or the mRNA can be stabilized by
the miRISC complex and inhibit mRNA decay, and also translation

1.3 Post-transcriptional regulation by miRNAs
1.3.1 miRNAs repress target mRNAs via cleavage or
translational repression
After pri-miRNA cleavage and export to the cytoplasm, one of the two
miRNA strands enters the RISC. miRNAs then direct the RISC to downregulate
gene expression through either mRNA cleavage or translational repression. For
repression to occur the miRNA targets specific mRNAs and makes a physical
association of an Argonaute with cellular components including the machinery
involved in translation initiation and mRNA turnover (Iwasaki et al., 2010). mRNA
cleavage occurs if there is sufficient amount of complementarity in the 3’ UTR to
the miRNA. Cleavage and translational repression can occur via endonuclease
cleavage via the Argonaute protein, or deadenylation and decapping by removing
the poly-A tail of the mRNA (Reviewed in Valencia-Sanchez et al., 2006)
1.3.2 miRNAs can stabilize target mRNAs in the germline
In the germline, miRNAs can act to either repress or stabilize target
mRNAs, wherein mRNAs are not degraded. In the germ cells, the different
makeup of the miRISC can impact the function of miRNAs. GLH-1 is an
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important factor for miRNA localization in germ cells, in glh-1 RNAi mutants,
miRNAs fail to localize to the nuclear periphery as they typically do in germ cells
(Dallaire et al., 2018). Loss of glh-1 would allow some miRNA targets to end up
in the cytoplasm where they could be translated. Localization of miRNAs to the
nuclear periphery allows access to the target mRNAs and controls the output of
mRNAs that are translated, this modulates gene expression. The location on the
nuclear periphery increases the interactions for miRNA mediated repression
using the decapping mechanism which are concentrated in P-bodies (ValenciaSanchez et al., 2006) It has been hypothesized that this process of stabilization
instead of degradation may function to protect maternal mRNAs that are passed
on to the embryo as a way to determine the mRNAs should be present during
early embryonic development. It is therefore hypothesized that this stabilizing
complex could be removed later for translation of the target mRNAs.
1.4 miRNA targeting
miRNAs bind in the 3’ Untranslated Region (UTR) of target mRNAs to
repress translation. Total binding complementarity of the entire miRNA is not
necessary for repression. A short sequence called the miRNA seed sequence,
which is typically at nucleotide positions 2-7 and sometimes nucleotide 8 do most
of the targeting for repression (Bartel, 2009). Groups of miRNAs, a miRNA
“family,” that share the same motif in the 5’ seed sequence function to regulate
the same target mRNAs (Bartel, 2009; Lewis et al., 2005). Loss of function of
only one miRNA often fails to have a penetrant mutant phenotype (Miska et al.,
2007). But, loss of some or all miRNAs that share the same seed sequence have
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penetrant defects in many different processes (Abbott et al., 2005; AlvarezSaavedra and Horvitz, 2010; Shaw et al., 2010). Analysis of evolutionary
changes in miRNAs across organisms showed that while the 3’ end of the
miRNA often changes the 5’ region with the seed is unlikely to change. This
underscores the importance of the seed sequence in determining functions of the
miRNA (Wheeler et al., 2009). In addition to the binding through the seed of
miRNAs, binding can be supplemented by the binding of nucleotides 13-16
(Bartel, 2009). This binding can be imperfect and not every nucleotide in a string
of the miRNA must match. Typically, targeted mRNAs have an A at the start of
the miRNA binding motif in the 3’ UTR, but this nucleotide doesn’t bind as part of
the miRNA seed. This nucleotide binds to a pocket in the Argonaute as a
stabilizing force to bring together the miRISC and target mRNA (Lewis et al.,
2005). The canonical miRNA binding via the seed sequence guides the miRISC
triggering post-transcriptional repression.
There can be non-canonical miRNA binding sites in the 3’ UTRs of
mRNAs. These non-canonical sites don’t have a continuous 6 nucleotide match
to the seed region. They require binding outside of the seed region. Noncanonical targets may work as “sponges” decreasing the number of miRNAs
available to bind in the 3’ UTR of other mRNAs (Grosswendt et al., 2014). In the
3’ UTR of a mRNA, there can be multiple binding sites for miRNAs. The binding
of the miRNAs depends largely on sequence complementarity. Some noncanonical targets wherein binding of miRNAs to a specific mRNA does not
largely alter the function of a cell. These therefore can act as a sponge to
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decrease the number of miRNAs that can bind to another mRNA. Non-canonical
sites can function in a couple of different ways, to occupy miRNA binding sites to
decrease the amount of repression of certain target mRNAs or to increase the
sharpness of a temporal transition. For example one of the two binding sites for
let-7 on lin-41 is non-canonical with an extra 3’ UTR complementarity site so that
it only binds specifically to let-7 (Ecsedi et al., 2015). Both canonical and noncanonical binding demonstrate the importance of specific regulation done by
miRNAs.
1.5. Biological Functions of miRNAs
The first miRNAs that were identified were lin-4 and let-7. Loss of function
mutants in either of these genes caused strong developmental abnormalities
(Ambros, 1989; Chalfie et al., 1981). These miRNAs act as developmental
switches, where one miRNA controls one target. lin-14 has seven binding sites
for lin-4 in the 3’ UTR, strongly controlling the amount of protein made (Figure
1.3A; (Lee et al., 1993). However, when many other loss of function miRNAs
were generated, few had penetrant loss of function phenotypes. Most individual
miRNAs aren’t individually required for development (Miska et al., 2007).
Families of miRNAs that share the same seed binding region sometimes have
observable phenotypes (Alvarez-Saavedra and Horvitz, 2010). The few penetrant
phenotypes of other miRNAs have made identifying the function of individual
miRNAs difficult
One reason that individual miRNAs don’t have penetrant loss of function
phenotypes could be that miRNAs often act in networks to make phenotypes
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more robust. While some miRNAs act as developmental switches, other miRNAs
often function as fine tuners and reinforce genetic pathways. In addition to acting
as developmental switches, miRNAs can also often function to decrease
variation and reinforce decisions. Canalization refers to the stabilization of
developmental pathways to decrease variability of levels of mRNAs (Hornstein
and Shomron, 2006). For example, a cell could require three mRNA transcripts at
a point in a pathway, if there are five mRNA transcripts, a miRNA could repress
two of them, sharpening the response (Figure 1.3B). Similarly, in two neighboring
cells, one many require a certain mRNA where another does not, miRNAs can
repress “leaky” aberrant transcripts (Figure 1.3C). Additionally, miRNAs can act
in regulatory loops to promote certain pathways. Transcription factor miRNA
interactions are overrepresented compared to interactions as a whole (Martinez
et al., 2008a). As transcription factors often bind to many different genes
regulating entire networks of expression. Many of these relationships are
feedback and feed forward loops. miRNAs are one way to modulate the levels of
gene expression. miRNAs may also work to buffer genetic noise, the random
fluctuations due to degradation rates of mRNAs and proteins and lags in
translation which occur in otherwise identical cells (Reviewed in Ebert and Sharp,
2012; Raser and O'Shea, 2005). In many biological processes too much of a
certain target mRNA can be detrimental and miRNAs may act to keep the of the
correct number of mRNAs (Ebert and Sharp, 2012; Hornstein and Shomron,
2006). miRNAs function to promote precise gene expression in cells.
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Figure 1.3. Models of miRNA function. (A) miRNAs can function as a
developmental switch. Binding of one miRNA multiple times can lead to
significantly lower levels of mRNA translation and subsequently protein, example
of lin-4 binding to lin-14. (B-C) miRNAs can function to decrease variation and
reinforce decisions. (B) A miRNA can control the amount of a specific mRNA that
are expressed, keeping it at the right level for specific processes. The different
color mRNAs indicated different mRNA transcripts that can be repressed by the
same miRNA modestly changing their levels (C) miRNAs can reinforce cell fates.
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In two cells, one mRNA may need to be expressed while in the neighbor cell, it
could promote the wrong fate. miRNAs can silence the mRNAs where it doesn’t
need to be expressed and may be detrimental to the fate or the activity of the
cell.

1.6 miRNAs are expressed in a broad range of developmental stages and
tissues
Individual miRNAs show dynamic spatial and temporal expression. 16% of
miRNAs showed major changes between different larval stages (Kato et al.,
2011; 2009). Expression in male animals compared to hermaphrodites also
differed. In addition to dynamic expression throughout development, individual
miRNAs also have distinct spatial expression patterns in different tissues.
Analysis of miRNA promoters that drive GFP expression saw that many miRNAs
are expressed later in development and not earlier. Indicating that specific
miRNAs could be functioning to regulate different processes during development.
miRNAs in the same family, that share the same seed binding sequence, are
likely to have overlapping expression as well as unique expression, suggesting
that some miRNAs regulate the same target mRNAs as well as distinct target
mRNAs (Martinez et al., 2008b).
However, analysis using transgenes with the promoters of miRNAs driving
the expression of GFP is incomplete as these transgenes were formed using
particle bombardment which often results in silencing in the germline (Reviewed
in Praitis et al., 2001). Silencing of these transgenes can occur for several
reasons as bombardment inserts DNA into a random place in the genome, some
places in the genome are better for expression in the germline (Miller et al.,
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2004). Additionally, the GFP sequence in the transgene is often interpreted as
foreign and not expressed to protect the germline and future generations (Sijen
et al., 2003). Therefore, additional analysis of miRNAs that may be expressed in
the germline was necessary. Several analyses have been completed. 13
germline enriched miRNAs were identified via analysis of germline mutants that
fail to generate sperm or oocytes (McEwen et al., 2016). Another study identified
additional miRNAs in the hermaphrodite, for 29 total miRNAs in the germline.
Many of these miRNAs are generated in a Drosha independent manner
suggesting additional complexity of miRNA pathways in the germline. in situ
hybridization of germline expressed miRNAs saw that many had specific patterns
in the adult germline (Minogue et al., 2018). Other attempts have been made to
separate germ cell expressed miRNAs from those in the somatic gonadal sheath
cells, which enclose the germ cells in a tube-like fashion, using a “feminized
male” mutant, fog-3(q849) males, which don’t produce any sperm. They identified
37 miRNAs that had sex biased expression (Bezler et al., 2019). Many miRNAs
are found in the adult hermaphrodite and male germlines. A comprehensive
study of miRNA expression in the developing larval germline has yet to be
completed. Therefore, it is still unclear which miRNAs are expressed during the
production of sperm or oocytes.
1.7 Identification of miRNA targets
A significant challenge in the field of miRNAs is to determine the specific
mRNAs that miRNAs. One way that potential target mRNAs are determined is
through computational analysis of the 3’ UTR using algorithms such as
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TargetScan and other predictive programs (Jan et al., 2010). These algorithms
assess the 3’ UTR of mRNAs and match the binding of the seed sequences of
the miRNA and assess a score, which takes into account the likelihood of
imperfect binding. The results of these algorithms can be challenging to use. It
can generate a list of over 1000 potential target mRNAs. To use these results,
you must cross reference expression of specific genes in specific tissues to
understand if it is biologically relevant often based on weakly penetrant loss of
function miRNA phenotypes. Furthermore, nearly half of all C. elegans genes
generate multiple mRNA transcripts that have different lengths of the 3’ UTR
(Mangone et al., 2010). In some cases, shorter 3’ UTRs can have fewer miRNA
binding sites and therefore would show different levels of miRNA dependent
regulation. Therefore, computational miRNA target predictions can be a useful
tool, but results require significant further analysis in order to identify functionally
relevant mRNA targets.
Another way to determine the target mRNAs of specific miRNAs is through
biochemical approaches to identify direct miRNA-mRNA binding. Using
immunoprecipitation, a series of mRNAs have been found to bind to Argonaute
proteins. Recently, another method to identify target mRNAs was established by
examining Argonaute bound RNAs using iCLIP (individual-nucleotide resolution
cross-linking immunoprecipitation). This results in complexes that have miRNA
and target reads together as a chimera. Then a method called Chimera PCR
(ChimP) is used to determine which specific miRNAs that are bound to mRNAs
(Broughton and Pasquinelli, 2018). This generates specific miRNA-mRNA
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binding information. There are however some pitfalls of these techniques. Using
the iCLIP method only ALG-1 bound RNAs have been generated. Yet, the main
Argonautes that function in the germline are ALG-2 and ALG-5. Additionally,
even through knowing which target mRNAs are bound, they still need to be
validated as biologically relevant. Furthermore, this method is unable to assess
miRNAs that may bind to multiple Argonautes and could pick up on non-specific
transiently bound transcripts.
While these approaches are helpful in identifying candidate miRNA-mRNA
binding interactions, these interactions must be experimentally tested. When the
functions of individual miRNAs are identified, there are some tools that can be
used to validate the relationship between the miRNA and specific target mRNAs.
In the soma, one such way is to insert a GFP with the candidate target mRNA’s
3’ UTR attached, if the miRNA binds this 3’ UTR, the GFP will be repressed and
silenced. Furthermore, as miRNAs typically act as repressors, if the miRNA loss
of function mutant has an observable mutant phenotype, the target mRNA is
likely higher and can be assessed through RT-qPCR or suppression of the
phenotype by RNAi.
1.8 C. elegans germline development and function
The C. elegans germline, much like the somatic cells, follow a largely
invariant development and have a mapped lineage (Sulston et al., 1983). During
the first and second larval stages (L1 and L2), the Primordial Germ Cells (PGCs)
begin to proliferate, and the germ cell pool expands from two to 60 cells. In L3
and L4, the germ cells increase to ~2000 cells, about 1000 in each gonad arm
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(Reviewed in Kimble and Crittenden, 2007). This cell number is maintained
throughout adulthood. Hermaphrodites continuously generate oocytes during
adulthood and male’s generate sperm. The adult germline is composed of
several regions (distal to proximal) in a shared syncytium including the mitotically
dividing germ cells and the meiotically dividing germ cells. Then they begin
cellularize undergoing oogenesis to mature oocytes (in hermaphrodites), and
sperm (in males). In hermaphrodites, during L4, the germ cells specify sperm for
a short period of time.
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Figure 1.4. C. elegans adult gonad. Top: one hermaphrodite gonad arm
producing oocytes. Bottom: male gonad arm producing sperm. Both arms have
many of the same regions and differentiation occurs at the proximal end for
reproductive adult life.

Beyond just the expansion of number of germ cells during this larval
development, cells begin to adopt their identities as either sperm or oocytes. In
early L3, the first cells enter into meiosis. Later in L3, the first germ cells are in
the pachytene stage and begin to differentiate into sperm. During the late portion
of L4 in hermaphrodites (Kulkarni et al., 2012), germ cells switch from making
sperm to making oocytes for the rest of their adult life (Reviewed in Ellis and
Schedl, 2007; Ellis, 2008). The sperm are stored in the spermatheca where they
are used to fertilize the producing oocytes. Males continue making sperm
throughout their adult lives. For the germ cells to continuously differentiate into
sperm or oocytes, very specific regulation of the germline must occur.
1.9 Functions of miRNAs in the C. elegans gonad
Post-transcriptional regulation of germ cells often occurs in the 3’ UTR of
mRNAs, as miRNAs bind in the 3’ UTR, this suggests a role for miRNAs as a
regulator of germ cells. Mutants in many of the miRNA biogenesis pathway
genes are sterile or embryonic lethal. However, the specific defects that result in
sterility are not well described. In C. elegans, drsh-1 (Drosha), pash-1 (Pasha),
and dcr-1 (Dicer) mutants are sterile and have abnormal germline development
(Denli et al., 2004; Grishok et al., 2001; Knight and Bass, 2001; Rios et al.,
2017). In mammals, miRNAs are required for spermatogenesis and are abundant
in oocytes (reviewed in Hilz et al., 2016). Therefore, it is essential to better
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understand how specific miRNAs function in the germline. This is complicated as
miRNA mutant phenotypes observed in the germline can be due to somatic
defects. Effects seen in the germline can be due to changes in miRNAs in the
soma, as there is essential communication between the somatic cells and germ
cells. In C. elegans and mice, loss of Dicer in the oocytes did not affect oocyte
development (Drake et al., 2014; Suh et al., 2010). However, loss of a few
specific miRNAs expressed in the oocytes had defects in oocyte development
(Minogue et al., 2018). Therefore, the contribution of miRNAs in this process is
complex and largely uncharacterized.
Two primary Argonaute genes have been suggested to function in the
germline with miRNAs, alg-2 and alg-5. ALG-2 was shown to interact with the
majority of miRNAs, including with miRNAs that have known function in the soma
and miRNAs that function during embryogenesis (the mir-35 and mir-51 families)
(Brown et al., 2017). alg-2 is expressed in a wide variety of somatic cells
including the somatic gonad and spermatheca (Vasquez-Rifo et al., 2012) .
Interestingly, alg-2 loss of function mutants have few observable defects and
seem to act largely redundantly with alg-1 (Grishok et al., 2001; Vasquez-Rifo et
al., 2012).
Additionally, alg-1 and alg-2 have been shown to function in migration in
the distal tip cells (DTC) of the gonad arm. The DTC are somatic cells that form a
stem cell niche that signals to the germline to control proliferation of cells during
larval development and germline mitosis during adulthood (Reviewed in Kimble
and Crittenden, 2005). Mutants in alg-1 and alg-2 have decreased brood sizes
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and alg-1 and alg-2 are expressed in the DTC of the germline (Brenner et al.,
2010; Bukhari et al., 2012). alg-1 and alg-2 mutants have reduced numbers of
mitotic germ cells, which disrupts the balance between proliferation and
differentiation of germ cells. Five specific miRNAs that regulate DTC migration
have been identified: let-7, lin-4, mir-359, mir-247, and mir-237 (Brenner et al.,
2010; Bukhari et al., 2012). These findings show that germline proliferation and
differentiation is, at least in part, regulated by miRNAs through the somatic distal
tip cells.
The other Argonaute that has been suggested to function in the germline
is alg-5. ALG-5 has been shown to interact with a small subset of miRNAs and to
function almost exclusively in the germline. It is primarily expressed in the
germline during the late larval stages (Brown et al., 2017). alg-5(ram-2) mutants
prematurely switch from producing sperm to producing oocytes. Consistent with
the germline miRISC complex localizing to the P granules, alg-5 also localizes
with P granules (Brown et al., 2017).
While miRNAs are essential for germline development, the function in
mature germ cells is less clear. Mature haploid spermatids don’t have ribosomes
and therefore are not actively undergoing translation (Ward et al., 1981; Wolf et
al., 1978). Therefore, any functions of miRNAs in sperm are a consequence of
modulating gene expression during spermatogenesis. This can regulate functions
of the mature sperm and the process of fertilization of the oocyte. In the oocyte,
the function of miRNAs is also unclear. Sequencing of small RNAs in oocytes of
both mice and C. elegans, miRNAs are found to be abundant (Drake et al., 2014;
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Suh et al., 2010). In analysis using tissue specific RNAi of miRNA biogenesis
genes in the process of ovulation, miRNAs are necessary for contractions of the
somatic gonad to propel the oocyte into the spermatheca via the somatic gonad
(Rios et al., 2017). Some miRNAs that are abundantly expressed in the
hermaphrodite germline localize to distinct regions of the germline: in meiosis I
oogenic cells, diakinetic and maturing oocytes, only maturing oocytes, and
oocytes undergoing fertilization and already in the spermatheca (Minogue et al.,
2018). Therefore, a specific subset of miRNAs is likely to function during
oogenesis. None of these studies looked specifically at miRNAs in the germline
during larval development, particularly during L3, when sperm begin to be
specified. In adults, some changes in gonad morphology were observed in loss
of function miRNA mutants for miRNAs that are expressed in the hermaphrodite
germline (Minogue et al., 2018). Together, these data indicate that some miRNAs
function in the germ cells to regulate processes of germline development.
The mir-35 family of miRNAs have penetrant defects in germline function.
The mir-35 family is made up of eight miRNAs, mir-35-42 which share the same
seed sequence. Analysis of mir-35 family mutants showed high levels of
embryonic lethality (Alvarez-Saavedra and Horvitz, 2010). mir-35 family mutant
embryos develop slowly and abnormally, and this phenotype is additive: the
fewer mir-35 family members the worse the embryonic lethality phenotype. To
bypass the embryonic lethality defect and study the function of the mir-35 family
in the germline after hatching, much of the work is done in mir-35-41 mutants,
which are temperature sensitive. At the permissive temperature mir-35-41
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mutants can develop to adulthood and at the restrictive temperature they have
higher levels of embryonic lethality as well as decreased brood size (McJunkin
and Ambros, 2014). mir-35 family mutants have slightly reduced numbers of
hermaphrodite sperm, which is impaired and does not fertilize oocytes. The mir35 family has been shown to act early in development in the embryo in regulating
sex determination at the onset of development. The mir-35 family targets sup-26
and nhl-2 mRNAs which and control dosage compensation in the early embryo
(McJunkin and Ambros, 2017). However, beyond the mir-35 family few other
miRNA families have ascribed functions in the germline. This work will focus in
another family of miRNAs that function in the germline as well as in other
biological processes in both the male and the hermaphrodite.
1.10 The miR-44 family

miR-44-3p
miR-45-3p
miR-61-3p
miR-247-3p

Figure 1.5. Mature Sequences of the miR-44 family. The miR-44 family
members are grouped based on the same seed sequences (red).

One family of miRNAs is the mir-44 family, part of the conserved mir-279
family. The miR-44 family is made up of four miRNAs, mir-44, mir-45, mir-61, and
mir-247, which share the same seed sequence, it is the primary set of
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nucleotides that facilitate binding in the 3’ UTR of mRNAs for repression (Figure
1.5). mir-44/45 are conserved in many different animals and many of which have
a duplication of two members of the mir-44 family (MirGeneDB (Fromm et al.,
2019). The mir-44 family in C. elegans is part of the larger evolutionarily
conserved mir-279 family, members of which are found in many diverse animals
including worms and insects (Fromm et al., 2019; 2015). In Drosophila, the mir44 homologue mir-279 regulates Apontic, which functions to define cell fates in
the ovarian follicle cells and somatic stem cells in the testes via STAT signaling
(Monahan and Starz-Gaiano, 2016; Yoon et al., 2011). mir-279 also regulates
cell fates in the Drosophila eye (Duan et al., 2018).
Prior studies have shown that the mir-44 family of miRNAs are expressed
in a diverse set of somatic cells and tissues including the intestine (mir-42/44;
mir-45), vulva (mir-42/44; mir-61), seam cells (mir-42/44), pharynx (mir-45; mir247), head muscle (mir-42/44; mir-45), and distal tip cell (mir-247) (Martinez et
al., 2008b). Additionally, three mir-44 family members, mir-44, mir-45, and mir-61
have been shown to be expressed in male and hermaphrodite gonad arms
(Bezler et al., 2019; Minogue et al., 2018). mir-247 expression is also detected in
gonad arms but at a much lower level (Minogue et al., 2018). mir-61 is expressed
in germ cells from the late pachytene stage to maturing oocytes in adult
hermaphrodites (Minogue et al., 2018). However, analysis of this family has
previously been incomplete as mir-44 and mir-45 are only 9 kb apart on
chromosome II and thus mutants were not able to be generated using standard
genetic crossing. Analysis of both mir-44 and mir-45 is critical, as the mature
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miRNA sequences for mir-44 and mir-45 are identical and likely regulate shared
target mRNAs (Lau et al., 2001). mir-61 is on Chromosome V and mir-247 is on
the X chromosome.
Prior analysis of three out of four members of the mir-44 family, (mir-44; mir61; mir-247 or mir-45; mir-61; mir-247) determined that there was decreased
brood size and decreased number of embryos retained in the uterus (AlvarezSaavedra and Horvitz, 2010). mir-61 has been shown to regulate vav-1 during
vulval development (Yoo and Greenwald, 2005). mir-247, which has expression
limited to a few larval stages and tissues, was shown to function in the migration
of the distal tip cells (Bukhari et al., 2012). However, the functions of mir-44 and
mir-45 have yet to be fully characterized.
The mir-44 family interacts with several different Argonautes (Brown et al.,
2017). miR-44 and miR-45, bind with a high affinity to ALG-1 and ALG-2, but a
much lower affinity to ALG-5 (Brown et al., 2017). miR-61 binds with a very high
affinity to ALG-5, which is germline specific for a small set of miRNAs and ALG-2
(Brown et al., 2017). Interestingly, alg-5 is also important for the transition from
sperm to oocytes, they have an accelerated switch to producing oocytes in alg5(ram-2) mutants. miR-247 also binds ALG-1 and ALG-2. This study focuses on
better understanding the functions of the miR-44 family in order to fully
understand how miRNAs regulate fertility in C. elegans.
1.11. Germline Sex Determination
Specification of a germ cell as a sperm or an oocyte must happen
constantly during the process of differentiation. It is not a binary switch that
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occurs just once (Bachtrog et al., 2014). Modulation of the terminal regulators of
sex determination using RNAi in males can be switched to producing oocytes as
opposed to sperm after some sperm cells have already been specified (Chen
and Ellis, 2000). Therefore, specification must occur constantly, not only in
initiating this process. Changes in this precise spatial temporal regulation of
germline sex determination decreases the overall reproductive fitness of an
organism.
1.11.1. Genetic Control of Sex Determination: The genetic control of
the sex differentiation process has been studied across many different organisms
and several of the downstream factors, such as the tra-1 gene, are conserved in
across many organisms from Drosophila to mice (Reviewed in Zarkower, 2001).
C. elegans can exist as hermaphrodites (XX) that produce both sperm and
oocytes or as males (XO) that produce only sperm (Reviewed in Kimble and
Crittenden, 2007). C. elegans hermaphrodites produce sperm during a short
period during the third and fourth larval period (L3 and L4, respectively) of their
life. They then switch to producing oocytes for the rest of their adult life. There
are changes in gene expression that take place during development for this
switch to occur. Simplistically, sperm promoting genes must be repressed during
oogenesis and oocyte genes must be repressed during spermatogenesis.
Unsurprisingly, this process has many complex layers of regulation. C. elegans is
an ideal system to study genetic sex determination as mutations in sex
determination genes in many other organisms often cause cell death or
tumorigenesis (Reviewed in Zarkower, 2001). However, in C. elegans, mutations
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in germline sex determination genes often make the opposite gamete and can be
key to understanding the genetic systems that regulate sex determination.
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Figure 1.6. Germline Sex Determination Pathway. Simplified model of
germline sex determination featuring the main regulators. The unbolded text
connected by the dotted line indicates gene activity that affect this process but
have no known mechanism currently. Modified from (Ellis, 2008; Kimble and
Crittenden, 2007; Yoon et al., 2017).

1.11.2. Somatic and germline sex determination have shared
functions: In C. elegans, there are both overlapping and distinct sets of genes
that regulate sex determination in the germline and the soma. Work described in
Chapter 2 will primarily focus on sex determination in the germline. At the most
fundamental level, X chromosome dosage determines sex in C. elegans. Two X
chromosomes (XX) generate hermaphrodites and one X chromosome (XO)
generates males. Somatic sex determination in C. elegans establishes structures
in several cell lineages, such as the rays in the male tail. Importantly, during sex
determination genes expressed in the intestine and somatic gonad can impact
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the function of germ cells (Chavez et al., 2018; Kimble and Sharrock, 1983).
Therefore, some results seen in germ cells can be due to changes in somatic
tissues. This work will focus on changes in the process of germline sex
determination as regulated by miRNAs. This section will highlight several
regulators pertinent to this study.
1.11.3. gld-1 is necessary for germ cells to enter meiosis: Once germ
cells divide in the mitotic region of the germ line (Figure 1.4), they begin to
differentiate into meiotic cells with the potential to become sperm or oocytes. One
important regulator of the switch from mitosis to meiosis is GLD-1, a translational
repressor. GLD-1 represses mitotic mRNAs and promotes meiotic mRNAs
(Jones and Schedl, 1995; Lee and Schedl, 2001; Nayak et al., 2004). This gene
is required for hermaphrodites to make sperm. However, loss of function mutants
in gld-1 have many defects in mitotic cells in the germline and make tumors
indicating that it is essential for mitotic cell divisions in the gonad (Jones and
Schedl, 1995). It functions upstream to another important set of regulators in the
pathway of germline sex determination, the fem genes.
1.11.4 FEM promotes spermatogenesis: The next set of regulators are
the fem genes: fem-1, fem-2, and fem-3. The fem genes are required for
spermatogenesis to occur in the hermaphrodite. Loss of function mutants in
these genes that cause the animals to develop as oocyte producing females
(Doniach and Hodgkin, 1984; Hodgkin, 1987). fem-3(gf) temperature sensitive
mutants at their restrictive temperature never make the switch to oogenesis and
produce excessive amounts of sperm (Barton et al., 1987). They function
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indirectly to regulate TRA-1 although the exact mechanism is not well understood
(Figure 1.6). fem-3 is one of several genes in this pathway that are regulated by
a 3’ UTR binding protein, FBF (Crittenden et al., 2002).
1.11.5. The TRA-1 transcription factor regulates the terminal
regulators of germline sex determination: One of the conserved regulators of
this pathway is TRA-1. TRA-1 functions in a sexually dimorphic manner, that is
still being elucidated (Reviewed in Ellis, 2008). It is a transcription factor that is a
zinc finger protein with homology to Cubitus interruptus and Gli in mammals as
well as to Drosophila doublesex (Reviewed in Zarkower et al., 1992). The
structure of TRA-1 allows it to promote both oogenesis and spermatogenesis at
different points during development. It has dual functions: sequences at the C
terminus allow it to activate translation and sequences at the N terminus allow it
to repress translation (Reviewed in Jiang, 2002). These different regions permit
TRA-1 to function in multiple different processes that are both active and
repressive. Mutants in tra-1 transform XX animals to fertile males in both the
somatic and germline tissues (Hodgkin and Brenner, 1977). Another place that
TRA-1 functions is in promoting transcription of fog-1 and fog-3, which act
downstream of TRA-1 as terminal regulators of the germline sex determination
pathway.
1.11.6. FOG-1 and FOG-3 are terminal regulators of germline sex
determination: High levels of FOG-1 and FOG-3 promote spermatogenesis by
regulating translation through still unknown targets (Lamont and Kimble, 2007;
Thompson et al., 2005). Loss of function mutations in fog-1 and fog-3 cause
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germ cells to differentiate as oocytes and typically have low levels of
spermatogenesis (Barton and Kimble, 1990). Analysis of FOG-1 expression
shows it preceding and setting up sperm specification (Lamont and Kimble,
2007). Mutants that make fewer sperm also have decreased FOG-1 expression
(Lamont and Kimble, 2007). FOG-3 is also expressed during this time and
functions similarly(Chen and Ellis, 2000). Decreased levels of FOG-1 later in
development promote oogenesis (Thompson et al., 2005). FOG-1 is also bound
and regulated by FBF (Bachorik and Kimble, 2005). FOG-1 encodes a
cytoplasmic polyadenylation element binding protein (CPEB) which binds in the
3’ UTR of mRNAs (Thompson et al., 2005). Therefore FOG-1 and FOG-3 specify
germ cell fates by regulating translation of key target genes to promote sperm
fates.
1.11.7. FBF regulates multiple genes in germline sex determination:
In addition to the genes at the core of the germline sex determination pathway,
there is an additional level of regulation by one set of mRNA binding factors,
FBF-1 and FBF-2. gld-1, fem-3, fog-1, and fog-3 are all regulated by FBF-1 and
FBF-2. FBF-1 and FBF-2 are structurally similar to one another, they bind in the
3’ UTR of mRNAs to repress activity. Complicating this, they also regulate each
other’s activity (Crittenden et al., 2002). Although they often act redundantly, fbf-1
and fbf-2 also have distinct functions, fbf-1 promotes the degradation of mRNAs
and fbf-2 prevents translation (Voronina et al., 2012; Wang et al., 2016). The
FBFs bind to thousands of mRNAs in the germline (Porter et al., 2019). Loss of
fbf-1 results in worms that make only sperm and fbf-1/2 double mutants never
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switch to oogenesis, making increasing number of sperm throughout their entire
adult life (Crittenden et al., 2002). In addition to FBF-1 and 2 functioning at
multiple points in the core sex determination pathway, these regulators also
control germline sex determination through an intricate balance of MAPK
promoting the number of sperm that are generated (Yoon et al., 2017).
Regulation by FBF at multiple points in this pathway creates a complex feedback
loop dependent on the levels of FBF and the other genes in this pathway.
1.12

C. elegans male germline development and function
C. elegans males are rare in the wild (Emmons, 2005). Through most of

larval development, males and hermaphrodites are indistinguishable. Both sexes
undergo similar cell divisions. However, there are some sex specific male
lineages to generate structures such as the tail, sensory rays and the spicule
(Reviewed in Emmons, 2005). The male reproductive system is composed of a
tail with a spicule and rays that attach to the vas deferens, which leads to the
seminal vesicle where sperm are stored. The sperm are made in one gonad arm
in the male (Figure 1.4). The germ cells are arranged in the same way as
hermaphrodites: they have mitotically dividing cells, meiotically dividing cells and
cells undergoing spermatogenesis. Males can make 500-700 sperm at one time
and then continue to generate more sperm after those have been released via
mating (Hodgkin and Barnes, 1991).
1.13 C. elegans spermatogenesis and spermiogenesis
Spermatogenesis is a multi-step process leading to the differentiation of
haploid spermatids. After entering meiosis, primary spermatocytes bud and
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undergo a first meiotic division that makes two secondary spermatocytes.
Meiosis II then occurs and residual bodies that are composed of most
cytoplasmic contents that are sloughed off, leaving only the mitochondria,
Fibrous Body-Membranous Organelles (FB-MOs), and nucleus. The process of
residual body clearance involves many of the same genes as apoptotic cell
clearance (Huang et al., 2012).
Males mate with a hermaphrodite using a choreographed set of behaviors to
transfer the sperm to the hermaphrodite uterus (Reviewed in Emmons, 2005).
The sperm are activated, becoming motile, as they enter the hermaphrodite
uterus from the vas deferens. The sperm then crawl via a pseudopod made of
Major Sperm Protein (MSP) to the hermaphrodite spermatheca where they will
come in contact with the ovulated oocyte for fertilization to occur (Kubagawa et
al., 2006).
In order for fertilization to successfully occur at high rate, sperm must be
able to crawl from the vulva to the hermaphrodite oocyte. Spermiogenesis or the
process of sperm activation is the process through which round haploid
spermatids generate a pseudopod that they can use to crawl and locate an
oocyte and fuse for fertilization (Reviewed in Ellis and Stanfield, 2014). Initiation
of this process differs in males and hermaphrodites. In males, spermiogenesis
occurs at the same time as mating and ejaculation (Stanfield and Villeneuve,
2006). Male sperm are not immediately activated following spermatogenesis,
seminal fluid is released from the vas deferens preceding sperm transfer, which
activates the sperm during mating (Chavez et al., 2018). In males, there are two
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different known pathways that lead to sperm activation. One of these pathways in
males, sperm activation is controlled by a protease and inhibitor that work in
tandem to precisely regulate when sperm are activated. The inhibitor is SWM-1,
which inhibits the TRY-5 protease that activates the sperm (Smith and Stanfield,
2011). In the second pathway, a zinc transporter, zipt-7.1 is involved but other
factors are largely unknown (Zhao et al., 2018). It is hypothesized that this aspect
of spermiogenesis could function downstream of the sperm specific genes that
are necessary for sperm activation. In hermaphrodites, once sperm are formed,
they are activated as they move into the spermatheca with the first ovulation
event. The spe-8 dependent pathway makes a complex at the plasma membrane
wherein sperm are able to receive a signal for activation (L'Hernault et al., 1988;
Shakes and Ward, 1989). It’s hypothesized that there are other members of this
pathway as well that have yet to be identified. In vitro sperm activation can be
done through many different compounds. the most common compounds are
Pronase E and Zinc.
The activated male sperm are transferred to the hermaphrodite uterus via
insertion of the male spicule into the vulva. If sperm are not appropriately
activated, they can either not be transferred or they can be transferred and then
be pushed out of the uterus as embryos are laid. Following transfer, the sperm
must crawl from the vulva to the spermatheca (Singson, 2001; Ward and Carrel,
1979). Sperm release MSP, this signals to the oocyte to resume meiotic
maturation and for sheath cell contractions, which propel the oocyte into the
spermatheca for fertilization (Miller et al., 2001; 2003). Directionality of the male
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sperm is dependent on signals from the sperm to the oocyte and also from the
oocyte to the sperm. The hermaphrodite oocytes signal to the sperm through
chemoattraction from polyunsaturated fatty acids in the form of prostaglandins
(Kubagawa et al., 2006). However, the mechanism and receptors by which the
sperm receive the prostaglandin signal is still largely unknown. The process of
spermatogenesis, mating, spermiogenesis, and sperm transfer to the
hermaphrodites requires very specific expression of a small number of genes to
generate progeny. Therefore, precise regulation of the genes is necessary.
1.14 Hypothesis and Goal
The observation that initiated this work was that mutants in multiple
members of the mir-44 family had a decreased brood size (Alvarez-Saavedra
and Horvitz, 2010). Therefore, our hypothesis was that the mir-44 family of
miRNAs functions to regulate the process of fertility and fecundity. However, fully
understanding the functions of this family of miRNAs was complicated by the
close location of mir-44 and mir-45 are only ~9kb apart on chromosome II.
Previous attempts using standard genetic crosses to generate a loss of function
mutant for both of these miRNAs failed. Using CRISPR-Cas9, we generated a
loss of function mir-44 and mir-45 mutant, mir-45(xw11) mir-42/44(nDf49) (further
identified as the mir-44/45 mutant). This mutant allowed us to analyze the
function of the mir-44 family and is the primary mutant background used in this
study. I also generated another mir-45(xw8) mir-44(xw19) mutant allele and saw
similar mutant phenotypes. Using these newly developed tools, our goal was to
understand how the mir-44 family functions. A significant portion of this work
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examines how mir-44 and mir-45, the two identical members of this pathway
function.
The first aim of this study was to characterize the function of the mir-44
family in hermaphrodites, particularly how it functions in the gonad arm.
Comprehensive phenotypic characterization of loss of function mutants in
multiple mutant combinations of hermaphrodites was completed. This
characterization identified a function for the mir-44 family in germline sex
determination, particularly in promoting sperm fate during larval development. I
analyzed multiple genetic interactions with the mir-44 family to understand how it
modulates the pathway of sex determination. Our data is consistent with a model
in which mir-44/45 act through fbf-1 and fem-3 to modulate levels of fog-1. I have
not yet identified a single mRNA target. I speculate that the mir-44 family works
with multiple target mRNAs to make the process of specifying sperm fate robust.
Additionally, I determined that all members of the mir-44 family likely contribute to
the process of germline sex determination in hermaphrodites.
The second aim of this study was to characterize the function of the mir-44
family in male fertility. Based on preliminary characterization done in
hermaphrodites, most of the phenotypic characterization for males was also done
in mir-44/45 mutants. I first observed that mir-44/45 mutant males failed to sire
many progeny following mating. From this, I determined a function for the mir-44
family in spermiogenesis or sperm activation as well as transfer and migration of
the sperm from the vulva to the spermatheca in hermaphrodites.
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The third and final aim of this work was to characterize functions of the
mir-44 family in somatic cells. Mutants in all members of the family had never
been able to be analyzed. In addition to germline functions in both male and
hermaphrodites, the mir-44 family also have somatic functions, a few of these
somatic functions have already been identified for mir-61 (Yoo and Greenwald,
2005) and mir-247 (Bukhari et al., 2012). I saw that the mir-44 family plays an
interesting antagonistic role in egg laying and loss of function mutants of mir44/45; mir-61; mir-247 produce abnormally shaped unhatched embryos. There
are still many interesting functions to understand for the mir-44 family.
The mir-44 family regulates sexually dimorphic processes in male and
hermaphrodite C. elegans. In hermaphrodites, the mir-44 family regulates
germline sex determination through modulation of fem-3 and fog-1 to promote
sperm fate. In males, the mir-44 family regulates multiple different processes.
The mir-44 family regulates spermiogenesis and sperm transfer following mating
to the hermaphrodite uterus. This work reveals functions for one family of
miRNAs in regulating distinct processes in hermaphrodites and males.
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Chapter 2: The mir-44 family regulates germline sex determination in
hermaphrodites

2.1 Introduction
Precise gene expression is essential for the patterning of cell fates. Gene
expression can be regulated at many different levels including posttranscriptionally. Higher or lower amounts of activity of certain genes during
development can result in defects in processes such as germ cell development
(Figure 2.1; Reviewed in (Ellis, 2008; Kimble and Crittenden, 2007). In the C.
elegans germline, gene expression is often controlled post-transcriptionally
through the 3’ UTR of mRNAs (Merritt et al., 2008). One class of posttranscriptional regulators is microRNAs (miRNAs), which act as small guide
RNAs that typically bind in the 3’ UTR of target mRNAs to repress translation
(Reviewed in Ambros and Ruvkun, 2018; Bartel, 2018). It has been difficult to
determine the functions of individual miRNAs as they can act redundantly with
one another and individual loss of function miRNA mutants rarely have penetrant
phenotypes (Abbott et al., 2005; Alvarez-Saavedra and Horvitz, 2010; Miska et
al., 2007).
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Figure 2.1 Simplified pathway of germline sex determination. (A) Genetic
pathway showing the regulation of gene activity in germline sex determination.
(B) Activity of several genes in order to generate either sperm or oocytes
highlighting the main regulators that are discussed in this chapter.

While numerous individual miRNAs have been detected in the germline
(Bezler et al., 2019; McEwen et al., 2016; Minogue et al., 2018), the functions of
most specific miRNAs remain largely unknown. Identification of the functions of
many miRNAs have been difficult to determine. Many miRNAs modestly repress
many target mRNAs, therefore identifying specific target mRNAs and pathways
on which they function is difficult (Alvarez-Saavedra and Horvitz, 2010; Hornstein
and Shomron, 2006; Martinez et al., 2008a).
I sought to understand the function of a family of miRNAs that are
abundantly expressed in the germline, the mir-44 family. As the mir-44 and mir45 genes are located within 9 kb of each other on chromosome II (Figure 2.2B),
mutants missing both mir-44 and mir-45 were not generated in earlier analysis of
miRNA families (Alvarez-Saavedra and Horvitz, 2010). This is critical, particularly

40
because the mature miRNA sequences for mir-44 and mir-45 are identical (Lau
et al., 2001). Additionally, mir-44 and mir-45 are located within a cluster of
reproductive genes on Chromosome II and are therefore likely to be expressed
and function to target genes involved in reproduction (Miller et al., 2004). In order
to perform functional analysis on worms missing all mir-44 family members, we
used CRISPR/Cas9 to create a mir-45 loss of function, xw11, mutation in a mir42/43/44 (nDf49) genetic background (Figure 2.2B). Conversely, I also generated
a mir-44 loss of function allele, xw19, in a mir-45(xw8) mutant background.
Herein, “mir-44/45” will be used to refer specifically to mir-45(xw11) mir42/44(nDf49) multiply mutant worms. Other alleles of mir-45 or mir-44 will be
indicated. Loss of function alleles for mir-45 had a 44-nucleotide deletion that
removed the mature miRNA sequence and also included an insertion of GFP as
a transcriptional reporter (xw8 and xw11).

41

miR-44-3p

A

miR-45-3p
miR-61-3p
miR-247-3p

B

top-2

mir-45

mir-42

mir-43

mir-44

II
GFP
xw8, xw11

GFP
xw6, xw19

n4280
sel-11

nDf49

mir-250

mir-61

V
nDf59
mir-247

mir-797

X
n4505
C

Late L3

Mid L3

Mid L4

Young Adult

DAPI

No Transgene
Control

No Transgene
Control

GFP

DAPI

Pmir-45::gfp
GFP

Pmir-45::gfp

Figure 2.2 mir-45 is expressed in the hermaphrodite gonad arm. (A) mature
sequences of miR-44 family members. miR-44 family members are grouped
based on the same seed sequence (red). (B) Cartoon to show genomic location
of mir-44 family genes and alleles (black). (C) Developmental progression of
Pmir-45::gfp(xw8) expression in dissected germlines. Top two rows: no
transgene control, DAPI and αGFP. Bottom two rows: Pmir-45::gfp, DAPI and
αGFP. Arrowhead, distal end of gonad arm (n=10).
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In this chapter, I characterize the functions of the mir-44 family in the
hermaphrodite gonad. I identify a function for mir-44 and mir-45 in promoting
sperm fates and in the regulation of the timing of the switch to oogenesis during
larval development. Furthermore, I uncover defects in the number of sperm
generated during larval development in other mir-44 family mutants, indicating
that all members of the mir-44 family likely function in germline sex
determination.
2.2 mir-44 and mir-45 are expressed in the hermaphrodite gonad arm
Our expression analysis of mutants with CRISPR-generated GFP knock-in
alleles indicated that mir-45 expression is first detected in germ cells by the midL3 stage (Figure 1.1C), the time at which sperm begin to be specified (Reviewed
in Kimble and Crittenden, 2007). GFP expression of the mir-45 transcriptional
reporter was detected in the germline into adulthood. However, the stability of the
GFP protein may preclude an accurate assessment of when mir-45 expression
stops. I was unable to determine mir-44 germline expression during development
using the same technique, this could be due to the point of insertion of GFP in
the mir-44 locus in the stem loop region of the miRNA. Thus, nuclear processing
events in the miRNA biogenesis pathway may result in the cleavage and
degradation of the GFP coding region. Alternatively, the transgene could be
silenced as is observed in many transgenes in the germline. Small RNA
sequencing was used to measure miRNA levels in whole worms during larval
development; mir-44 and mir-45 were found at high levels from mid-L2 to mid-L4
(Kato et al., 2009). mir-61 also modestly increases during this timeframe and mir-
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247 expression stays stable at a low-level during development (Kato et al.,
2009). Together, these data suggest a role for the mir-44 family members in the
hermaphrodite germline during larval development.
I also examined a set of strains with miRNA promoters driving the
expression of GFP for the mir-44 family as a representative for miRNA
expression (Martinez et al., 2008a) at both the L4 and adult stages. These
reporters are only expressed in somatic cells and silenced in the germline (Praitis
et al., 2001). Our analysis of these strains was consistent with the previous
analysis at adult stages and also indicated additional expression in somatic
tissues such as the vulva and distal tip cells. Full analysis of mir-44 family
somatic expression is described in Chapter 4.
2.3 The mir-44 family of miRNAs regulates hermaphrodite fecundity
I initially observed that mir-44 family mutants had a reduced brood size.
Wild-Type C. elegans hermaphrodites typically make ~300 progeny in their adult
lives (Hodgkin and Barnes, 1991). Quantification of brood size in the full
collection of mir-44 family single and multiply mutant strains found that all mir-44
family mutants had a brood size significantly lower than wild-type worms (Table
2.1), consistent with published brood size data for mutants lacking up to three
mir-44 family members (Alvarez-Saavedra and Horvitz, 2010). I also noticed an
increased number of unfertilized oocytes laid by mir-44 family multiply mutant
worms (Table 2.1). Unfertilized oocytes occur when an oocyte moves through the
spermatheca without being fertilized (Kadandale and Singson, 2004). In wild-type
worms unfertilized oocytes occur very rarely. Once all sperm are used, ovulation
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slows down greatly and oocytes do not continue to traverse through the
spermatheca. A low brood size or increased number of unfertilized oocytes can
be due to defects in sperm or in oocytes.
For most phenotypes analyzed, there were some additive effects from
losing additional mir-44 family members, but these effects were modest. Since
mir-44/45 mutants displayed significant fecundity defects while only missing the
two identical family members, I chose to focus subsequent analysis on this
mutant combination. Although, mir-44/45 mutants also have the loss of mir-42, a
member of the mir-35 family that has known fertility defects (McJunkin and
Ambros, 2014; 2017), the independently generated mir-45(xw8) mir-44(xw19)
allele has no significant difference in phenotypes with mir-42 intact indicating a
unique function for the mir-44 family in hermaphrodites.
2.4 The mir-44 family regulates the number of sperm that are produced
I next determined if the mir-44 family was involved in sperm formation and
function. To do that, I quantified sperm for the full collection of mir-44 family
mutants using DAPI staining. Similar to the decreased number of progeny, sperm
was also lower in mir-44 family mutants indicating that the decreased brood size
is likely due to a decreased number of sperm. Additionally, unfertilized oocytes
are likely to occur earlier in the reproductive lifetime of an animal if there are
fewer sperm that can be utilized for fertilization (Kadandale and Singson, 2004).
Although the quantification of sperm is slightly lower than brood size, only mir-61
and mir-44 mir-45; mir-61; mir-247 have a significant difference between sperm
number and brood size (ANOVA followed by Holm-Sidak comparison). Further

45
analysis of mir-61 and mir-44 mir-45; mir-61; mir-247 can be found in Chapter 4.
These defects in sperm formation in mir-44 family mutants appear to be
exclusive to hermaphrodites as mir-44/45 males do not generate a decreased
number of sperm (Figure 2.5C). Additionally, it is important to note that all
mutants in the mir-44 family have high levels of variability. Comparison of the
Coefficient of Variation of the sperm number shows an increase in variation for all
mir-44 family mutant combinations (Table 2.1). This may indicate the function of
miRNAs in the canalization or reinforcing cell fates or due to redundancy in
miRNA families.
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Table 1. Phenotypic characterization of mir-44 family mutants.
Genotype

Brood Size

Unfertilized
Oocytes (%)

N2

Wild-Type

274.6 ± 33.8

3.0±0.4

250.5 ± 17.3

Coefficient of
Variation of
Sperm
Number
6.92%

RF887

mir-44

140.4 ± 39.1***

23.2 ± 10.5***

157.7 ± 39.4***

25.01%

RF920

mir-44

185.5 ± 26.2***

27.3 ± 5.8***

136 ± 54***

39.71%

MT13433

mir-45

197.3 ± 45.8***

16.5 ± 20.3

171.6 ± 49.5***

28.85%

RF932

mir-45

193.5 ± 56.8***

9.2 ± 5.6

155.4 ± 49.1***

32.01%

RF890
RF24

mir-61
mir-247

209 ± 16.6*
212.1 ± 50.3*

19.7 ± 8.6
7.8 ± 6.0 ***

157 ± 44.5***
166.7 ± 34.4***

RF931

mir-44 mir-45

164.2 ± 70.5***

38.5 ± 23.9 ***

139.6 ± 40.6***

28.36%
20.61%
29.09%

RF1094

mir-44 mir-45

179.2 ± 60.4***

7.1±5.4***

129.9 ± 45.1***

34.74%

RF1000

mir-44; mir-61

187.2 ± 30.5***

22.6 ± 9.1***

160.2 ± 38***

23.70%

RF1028

mir-44; mir-247

217.1 ± 35.7*

6.1 ± 3.1

159.6 ± 56.9***

35.62%

RF889

mir-45; mir-61

146.9 ± 34.7***

27.3 ± 5.8***

190 ± 39.4*

20.64%

RF1003

mir-45; mir-247

187.3 ± 45.0***

3.6 ± 2.5

172.8 ± 38.6*

22.67%

RF1029

mir-61; mir-247

164.2 ± 32.6***

19.9 ± 12.8***

144.3 ± 39.1***

27.12%

RF945

mir-44 mir-45; mir-61

173.9 ± 42.9***

24.2 ± 15.2***

148.7 ± 45.1***

30.34%

RF947

mir-44 mir-45; mir-247

147.5 ± 72.5***

19.9 ± 13.9***

186.25 ± 41***

22.03%

MT17431

mir-44; mir-61; mir-247

155.2 ± 33.1***

10.2 ± 8.0

152.1 ± 38.5**

25.34%

MT17676

mir-45; mir-61; mir-247

139.4 ± 71.8***

17.4 ± 6.8***

185.4 ± 37.8*

29.03%

RF955

mir-44 mir-45; mir-61; mir-247

97.5 ± 59.9***

24.4 ± 20.3***

141.6 ± 33.2***

23.45%

Strain

2

Sperm
Number

Average and Standard Deviation are reported for each assay (AVG ± SD). Coefficient of Variation of the sperm number was used to
measure distribution of variation. The complete genotype for strains is given in the Key Resources Table. Strains were compared with an
ANOVA followed by a Dunnett’s multiple comparison test using N2 as the reference. ***p <0.0001, **p <0.001, *p <0.05.
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2.5 mir-44/45 is necessary for sperm formation not function
To further characterize the mir-44 family I also looked to see if the mir-44
family had other roles in sperm function. To do this, I characterized several
aspects of sperm function. Hermaphrodite spermatids start as round and
immotile and they must undergo the process of spermiogenesis, or sperm
activation, where they develop pseudopods that allow them to crawl and fertilize
the hermaphrodite (McCarter et al., 1999b). If hermaphrodite sperm are not
activated, fertilization is impaired and following each ovulation event sperm
cannot move back into the spermatheca. In hermaphrodites, the pathway that
controls sperm activation is spe-8 dependent. spe-8 mutants fail to activate
(Shakes and Ward, 1989; Smith and Stanfield, 2011).
To determine if mir-44/45 mutants, in addition to generating fewer sperm,
also have defects in hermaphrodite sperm activation, I looked to see if mir-44/45
sperm were able to fertilize more embryos after being mated with male seminal
fluid. Male seminal fluid can bypass spe-8 dependent sperm activation in
hermaphrodites. To do this, I mated mir-44/45; dpy-13(e184) hermaphrodites
with fer-1(hc1ts) males. At their restrictive temperature, fer-1 males, don’t make
any functional sperm and transfer only seminal fluid upon mating. fer-1 males
were mated to dpy-13 hermaphrodites to phenotypically determine that all
progeny generated were self-progeny with the dumpy (Dpy) phenotype. If mir44/45 hermaphrodites also have a defect in sperm activation, then I would expect
to see an increase in the number of self-progeny. In comparison to unmated and
mated controls, I saw no increase in the number of progeny (Figure 2.3).

48
Therefore, it is likely that mir-44/45 does not regulate spermiogenesis but is
necessary for the formation of sperm. All of the mir-44/45 hermaphrodite sperm
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Figure 2.3. mir-44/45 is not required for activation of hermaphrodite sperm
by male seminal fluid. Transactivation was assayed for mir-44/45
hermaphrodites. L4 males were mated to L4 hermaphrodites for 48 hours and
the number of progeny was counted 48 hours post mating in unmated animals
and mated animals, each point is one animal assayed (n≥10).

2.6 mir-44/45 regulates hermaphrodite fecundity through sperm formation
To analyze another aspect of sperm function, I wanted to understand if
mir-44/45 mutant sperm could signal to the oocytes for fertilization. I first
measured ovulation rate, a measure of how often oocytes undergo meiotic
maturation and transit through the spermatheca (McCarter et al., 1999a; Miller et
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al., 2003). Ovulation of an oocyte requires signaling from sperm and the proximal
oocyte’s ability to receive the signals to exit meiotic arrest and promote ovulatory
sheath contractions (Greenstein, 2005). The rate of ovulation was significantly
decreased in mir-44/45 mutants (Figure 2.4A). This defect was not observed
when mir-44/45 mutant hermaphrodites were mated with control males indicating
that mir-44/45 oocytes can respond normally to exogenous sperm (Figure 2.4A).
Additionally, I found that mating mir-44/45 hermaphrodites with control male
sperm resulted in a suppression of the unfertilized oocyte phenotype in mir-44/45
mutants (Figure 2.5A). To molecularly characterize the mir-44/45 mutant oocytes’
response to sperm, I examined levels of active MAP Kinase in mir-44/45
mutants. MAP Kinase normally increases in the proximal-most oocyte (-1 oocyte)
to promote meiotic maturation (Gervaise and Arur, 2016; Lee et al., 2007b). mir44/45 mutants showed decreased levels of active MAP Kinase in the proximalmost oocyte, which was not observed following mating of mir-44/45 mutants with
wild-type males (Figure 2.4 B-C). The molecular response of the oocytes was
consistent with examining the number of unfertilized oocytes following mating
with RFP; him-8 male sperm overnight (Figure 2.5A), where I saw no unfertilized
oocytes indicating a sperm specific defect. Together, these results indicate that
mir-44/45 mutants have defects in sperm formation or function that can lead to
reduced MAPK activation in proximal oocytes, a reduced rate of ovulation, and a
failure of successful fertilization leading to the unfertilized oocytes and a reduced
brood size.
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Figure 2.4. mir-44/45 mutants have sperm defects. (A) Ovulation rates
(events/hour) were measured in control and mir-44/45 mutants. Hermaphrodites
were mated with him-8; his-72::gfp males overnight to assess ovulation rate after
mating (n≥20). (B) Dissected proximal adult hermaphrodite gonad arm labeled
with antibody for diphosphorylated MAP Kinase. MAPK is high in the -1 oocyte in
N2 and not in mir-44/45. (C) Dissected proximal adult hermaphrodite gonad arm
labeled with antibody for diphosphorylated MAP Kinase mated overnight with his72::gfp; him-8 males. (B-C) Numbers denote proximal oocytes.
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Figure 2.5. mir-44/45 mutant phenotypes are specific to the hermaphrodite
sperm oocyte switch. (A) Percent unfertilized oocytes produced by N2 and mir44/45 after mating with oxTi302; him-8 males, p<0.05 (n=10). (B) Number of
sperm in hermaphrodites, p<0.05 (n>10). (C) Number of sperm in males at
L4m+10 hours (n=8). One-way ANOVA.

2.7 mir-44/45 mutants switch to producing oocytes early
I also counted haploid spermatids in adult hermaphrodites in control and
mir-44/45 mutant worms using a his-72::gfp transgene, stIs10027. The number of
spermatids was significantly decreased in mir-44/45 mutant hermaphrodites
compared to the control worms (Figure 2.6A). A decreased number of spermatids
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was also observed in the independently generated double mutant strain with mir45(xw8) mir-44(xw19) (Figure 2.5B). This defect appears to be exclusive to
hermaphrodites; mir-44/45 mutant males do not generate significantly fewer
sperm and have other defects in spermiogenesis as well as transfer of sperm to
hermaphrodites (Figure 2.5B and Chapter 3). Interestingly, the number of sperm
produced closely correlated with the number of progeny determined in the brood
size analysis (Figure 2.6B), indicating that mir-44/45 mutant sperm are functional,
fully capable of maturing and successfully fertilizing oocytes.
A reduced number of sperm can result from an early transition to oocyte
production in the larval germline. An early transition of this process results in
early embryo production in young adult worms or from a delay in sperm
specification with a normal timing of oocyte and embryo production (Barton and
Kimble, 1990; Lamont and Kimble, 2007). To test this, I looked at worms 5 hours
after the L4 molt, a period in which sperm production is typically finished, but
embryo production has not yet begun. I saw that 66% (10/15) of mir-44/45
mutants had embryos at this time compared to 6% (1/17) of the control worms
(Figure 2.6C). To molecularly assess if the switch to oogenesis occurs
prematurely in mir-44/45 mutants, I used a marker for sperm specific
transcription, SPE-44 (Kulkarni et al., 2012). It labels germ cells that specified to
differentiate as sperm. I determined that at the end of the period of
spermatogenesis (L4m+2 hours), the control has some germ cells that are still
being specified for sperm (Figure 2.6D), however at the same timepoint, mir44/45 mutants have already finished specified sperm and switched to oogenesis
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(Figure 2.6E). This suggests that mir-44/45 functions to regulate the specification
of germ cell fates, such that worms show an earlier production of oocytes, and a
shorter window for spermatogenesis. Therefore, I wanted to understand
specifically how mir-44/45 regulate germline sex determination.
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Figure 2.6. mir-44/45 regulates the number of functional hermaphrodite
sperm produced. (A) Number of sperm in hermaphrodites at L4m+5 hours. (B)
Brood size of mir-44/45 with his-72::gfp (n=10) p<0.05. (C) Percent of worms with
one or more embryos at L4m+5hr timepoint. Box above bars indicates the
number of worms observed with one or more embryos (n≥15). (D-E) Control and
mir-44/45 dissected proximal L4m+2 hours germline arms labeled with antibody
for SPE-44. Images from left to right show DIC, DAPI, and anti-SPE-44 labeling.
Arrows indicate proximal end of germline.
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2.8 mir-44/45 interacts with fbf-1
As mir-44/45 mutants generate fewer sperm, I was interested in assessing
genetic interactions with known regulators of the sperm to oocyte switch. In
hermaphrodites, specification of sperm or oocytes is tightly controlled by a
complex set of regulators (Figure 2.1; Reviewed in Ellis and Schedl, 2007; Ellis,
2008; Kimble and Crittenden, 2007). Loss of function and gain of function
mutations in this pathway of specification can alter the number of sperm
produced (Barton et al., 1987; Crittenden et al., 2002; Lamont and Kimble, 2007;
Thompson et al., 2005). I first performed double mutant analysis between mir44/45 and mutants that disrupt germline sex determination resulting in an overproduction of sperm. I analyzed the genetic interaction of mir-44/45 with fbf-1, a
critical regulator of spermatogenesis (Crittenden et al., 2002; Lamont et al.,
2004). FBF-1 is an RNA binding protein that binds targets in the 3’ UTR and has
been shown to prevent the accumulation of target mRNAs in the mitotic region of
the germline (Voronina et al., 2012).
Loss-of-function, fbf-1(ok91) mutants have an opposing phenotype to mir44/45 mutants, generating a significantly increased number of sperm and a later
switch to producing oocytes than wild-type (Crittenden et al., 2002). I would
expect that if mir-44/45 acted ahead of fbf-1 that mutants of both mir-44/45 and
fbf-1 would generate an increased number of sperm. As expected, mir-44/45; fbf1(ok91) mutants exhibited an increased number of sperm and later production of
oocytes similar to what is observed in fbf-1 single mutants (Figure 2.7 A-B),
suggesting mir-44/45 may act upstream to regulate fbf-1.
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Figure 2.7. mir-44/45 interaction with fbf-1. All strains have his-72::gfp
(stIs10027) in the background. (A) Number of sperm in hermaphrodites at L4m+5
hrs, p<0.05 (n>10). (A, B, C) Percent of worms with more than one embryo at
L4m+5 hrs for 20°C. Box above bars indicates the number of worms assayed
with one or more embryos.

2.9 mir-44/45 genetic interaction with fem-3
Since fbf-1 has been shown to function at multiple different places along
the pathway of sperm specification, including with both fem-3 and fog-1 (Arur et
al., 2011; Zhang et al., 1997), I next analyzed the genetic interaction of mir-44/45
with fem-3. The downregulation of fem-3 through FBF-1 binding in its 3’ UTR is
necessary for the switch to oogenesis (Ahringer and Kimble, 1991; Zhang et al.,
1997). fem-3(q20gf) gain of function mutants have a point mutation in the fem-3
3’ UTR that interferes with its normal down-regulation; these mutants produce
only sperm at the restrictive temperature and generate an increased number of
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sperm at the permissive temperature (Barton et al., 1987). I found that mir-44/45;
fem-3(q20gf) mutants showed an over-production of sperm similar to the number
of sperm compared to fem-3(q20gf) single mutants at the permissive or
restrictive temperature and have a later switch to oogenesis (Figure 2.8 A-B). To
further understand how mir-44/45 and fem-3 interact, I examined the fem-3(gf)
Masculinization of Germline (Mog) phenotype, wherein the germline only
produces sperm and never switches to oogenesis and subsequently does not
produce any embryos. At the intermediate temperature of 20°C, fem-3(gf)
mutants display a 12.9% Mog phenotype, whereas mir-44/45; fem-3 mutants
have an enhanced Mog phenotype displaying 26.8% Mog phenotype (Table 2).
This was an unexpected result, as mir-44/45 mutants usually switch to oogenesis
earlier where the period of spermatogenesis ends earlier than control. This
suggests a complex role for mir-44/45 in the process of germline sex
determination.
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A

B

Figure 2.8. mir-44/45 interaction with fem-3. (A-B) All strains have his-72::gfp
(stIs10027) in the background. his-72::gfp transgene expression in sperm was
not detected in fem-3(gf) mutants. Sperm quantification was performed using
DAPI labeling. (B) Percent of worms with more than one embryo at L4m+7.5 hrs
for 15°C, 5 hrs for 20°C, and 3.75 hrs for 25°C. n>10. Box above bars indicates
the number of worms assayed with one or more embryos.

Table 2.2. Mog phenotypes of mir-44/45; fem-3(gf) mutants
% Mog
15°°C
20°°C
Wild-Type
0% (0/93)
0% (0/98)
mir-44/45
0% (0/92)
0% (0/101)
fem-3(q20gf)
1.2% (1/87)
12.9% (11/85)
mir-44/45; fem-3(q20gf)
5.2% (5/96)
26.8% (25/93)
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2.10 mir-44/45 modulates the period of FOG-1 expression
Lastly, I tested for genetic interactions between mir-44/45 and a fog-1 loss
of function allele. FOG-1 and FOG-3 are terminal regulators in the sperm
specification pathway. FOG-1 and FOG-3 are necessary for the initiation of
spermatogenesis and must subsequently be down-regulated during L3 to allow
for oogenesis to begin (Chen and Ellis, 2000; Lamont and Kimble, 2007) and loss
of fog-1 or fog-3 results in a failure to produce sperm (Barton and Kimble, 1990;
Chen and Ellis, 2000; Thompson et al., 2005). I examined fog-1(q253), a reduced
function temperature-sensitive mutant, that produce a reduced number of sperm
at 20°C and no sperm at the restrictive temperature of 25°C. I observed mir44/45; fog-1 mutant worms at 20°C produced significantly fewer sperm compared
to the control (Figure 2.9A). This suggests that mir-44/45 may function to
regulate fog-1 or, alternatively, they may function in separate parallel pathways.
Additionally, fog-1 mutants produced early embryos at 20°C consistent with an
early sperm to oocyte switch. At 20°C, fewer mir-44/45 switched to generating
embryos early consistent with some animals generating a very low number of
sperm and therefore not generating any embryos (Figure 2.9C).
To determine if mir-44/45 functions upstream or in parallel to fog-1, I
assessed FOG-1 protein levels using a rescuing 3xMyc tagged FOG-1 transgene
(Noble et al., 2016), expressed in control and mir-44/45 mutant worms. I
examined Myc::FOG-1 levels at multiple timepoints during development. In the
control, Myc::FOG-1 is detected at mid-L3 and stays elevated through mid L4
(Lamont and Kimble, 2007; Noble et al., 2016), Figure 2.9B). However, in mir-
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44/45 mutants, the upregulation of FOG-1 is delayed with expression detected
first at late L3 and persisting throughout adulthood (Figure 2.9E). This misregulation of FOG-1 is predicted to reduce the number of sperm produced
(Lamont and Kimble, 2007).
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Figure 2.9. mir-44/45 interaction with FOG-1. All strains have his-72::gfp
(stIs10027) in the background. Number of sperm at L4m+4hrs at 20°C and
L4m+3hrs at 25°C. (B) Summary temporal expression patterns observed in
germlines scored for FOG-1 levels using 3xMyc::FOG-1. Red arrows correspond
to timepoints assayed. Black highlighted regions: easily detectable levels of
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FOG-1. Dashed regions: germline timepoints not assayed. Representative
images of dissected 3xMyc::FOG-1 germlines. Arrow: proximal end of the
germline, white line: region where staining was easily detected. Number in lower
right corner is the number of images captured that have similar phenotypes. All
images captured at 500ms. (C) Percent of worms with more than one embryo at
L4m+5 hrs for 20°C, and 3.75 hrs for 25°C. n>10. Box above bars indicates the
number of worms assayed with one or more embryos.

2.11 List of potential targets
Together these data support a model that mir-44/45 function to promote sperm
production through regulation of fbf-1 and fem-3 to allow for the normal
expression of FOG-1 at the L3 stage (Figure 2.11), although other models remain
possible. miRNA target prediction algorithms do not identify any of the key
regulators of the germline sex determination pathway as direct miR-44/45
targets. While it is possible that mir-44/45 acts through a single target, it is more
likely that multiple targets may be regulated to affect germline sex determination.
Recent work suggesting that miRNAs may function in the C. elegans germline to
stabilize their targets (Dallaire et al., 2018) complicates such predictions and
analysis. Analysis of the top 162 germline expressed targets predicted by the
TargetScan algorithm (Appendix A; (Jan et al., 2010) has found an enrichment in
a number of GO terms including genes involved in reproduction, development,
and small GTPase mediated signaling (Figure 2.10 and Appendix B).
Transcriptome analysis and biochemical approaches to identify direct targets will
be needed to elucidate the network of targets controlled by the mir-44 family of
miRNAs.
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Figure 2.10. Gene Ontology of computationally predicted mir-44 family
targets. Highest GO Terms of computationally predicted mir-44 family germline
targets. Numbers to the right represent P-values.

Figure 2.11. mir-44/45 appears to act in the pathway of germline sex
determination. Simplified working models of the mir-44/45 regulatory network.
mir-44/45 likely acts to repress an unidentified factor, which represses fbf-1 and
coordinates the downstream specification of sperm.

2.12 Discussion
In this study I have ascertained a role for the mir-44 family in germline sex
determination particularly in promoting sperm fate in hermaphrodites. This is the
first described biological function for mir-44 or mir-45. While most analysis was
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done in mir-45(xw11) mir-42/44(nDf49) mutants, brood size and sperm number
were assessed for all mutant combinations of the mir-44 family (Table 2.1). This
indicates it is likely that all members of the mir-44 family contribute to germline
sex determination. These phenotypes ascribe further information about how
miRNAs function in the germline. As miRNAs often act as fine tuners, which can
make developmental processes more robust, loss of two identical miRNAs, mir44 and mir-45, would make any process that they participate in less robust and
noisier. The high levels of variability exhibited in all combinations of mir-44 family
mutants further reinforces that miRNAs often act redundantly with one another to
regulate developmental processes and miRNAs can function to reinforce
decisions of cell fate. Germline sex determination is a complex biological process
that involves regulation at every level possible: at the DNA level from
transcription factors, many sets of regulators on the RNA level, and of the
resulting proteins. Changes of one regulator of this process can lead to entire
cascades of resulting changes. As a consequence, loss and gain of function
mutants in this pathway can have phenotypes that are pushed to the maximum
and cannot be easily enhanced or suppressed. Therefore, analysis of genetic
interactions with modulators of this pathway can be difficult to interpret. For
example, fbf-1 and fbf-2 have 90% sequence similarity and are often expressed
in the same tissues and can have redundant functions with one another or
function distinctly (Crittenden et al., 2002; Lamont et al., 2004; Voronina et al.,
2012; Wang et al., 2016). Additionally, FBF-1 and 2 bind in the 3’ UTR of mRNAs
and analysis of binding sites have identified 1000s of RNAs that they can interact
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with (Porter et al., 2019). Such, the nature of germline sex determination genetic
interactions can be difficult to interpret, nonetheless I identified interesting
functions of mir-44/45 in this process.
Analysis of genetic interactions of mir-44/45 with regulators of germline
sex determination revealed some surprising phenotypes. The first surprising
result was that expression of FOG-1 persisted into late larval development in mir44/45 mutants (Figure 2.9B). mir-44/45 mutants stop specifying sperm earlier
than control (Figure 2.6E) and FOG-1 usually specifies sperm cell fate when
expressed. However, analysis of complex mutants, that lack several regulators of
germline sex determination, FOG-1 can be dispensable in specifying sperm (Cho
et al., 2007). These results demonstrate that the process of germline sex
determination cannot simply be broken down into individual components and
must be thought about in a network approach. While FOG-1 is one component
that functions in specifying sperm, expression of it on its own is not sufficient for
sperm specification.
The second surprising result was that mir-44/45; fem-3(gf) mutants had
increased Masculinization of Germline phenotypes (Table 2.2), as mir-44/45
mutants typically exhibit an earlier switch to oogenesis. However, in coordination
with the result of a shifted period of FOG-1 expression and increased levels of
FEM-3, the combination of this with loss of mir-44/45 could be sufficient for
continuous specification of sperm. The result of these genetic analyses indicates
that loss of mir-44/45 misregulates the pathway of germline sex determination,
therefore altering the precipitous balance between spermatogenesis and
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oogenesis. These results provide further evidence that germline sex
determination is not binary and must be constantly reinforced (Reviewed in
Zarkower, 2001).
This work is still unfinished, while I’ve determined the functions of mir-44
and mir-45 in this process, I have yet to ascertain specific target mRNAs that the
mir-44 family binds. This is complicated by the fact that many miRNAs act to
modestly repress large numbers of mRNAs. Biochemical analysis of microRNA:
mRNA binding through immunoprecipitation of ALG-2 and ALG-5 similar to that
done for ALG-1 (Broughton and Pasquinelli, 2018) would help to generate a
more specific list of targets. Results from analysis of a mir-44/45 transcriptome
could be difficult to interpret as the function of miRNAs in the germline can
stabilize miRNAs instead of repressing (Dallaire et al., 2018). Therefore, further
analysis of targets of the mir-44 family will have to include further computational
and biochemical approaches. Additionally, while functions for mir-61 and mir-247
have been ascribed in the soma (Bukhari et al., 2012; Yoon et al., 2017), both
mir-61 and mir-247 are found through sequencing to be in the germline as well.
Functions of both of these miRNAs in the germline and their expression have yet
to be determined. Furthermore, the relative contributions of mir-44 and mir-45 in
the hermaphrodite germline have not yet been parsed apart. Sequencing efforts
to differentiate the two of them have been unsuccessful due to their identical
sequences. And our efforts to examine the expression of mir-44 using newly
generated expression alleles was unsuccessful likely due to the degradation of
GFP in the stem loop. Therefore, this will need to be assessed using other tools.
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In addition to the mir-44 family, other families of miRNAs could be involved
in germline sex determination. Analysis of alg-5 mutants, also show defects in
the switch to oogenesis, indicating that other miRNAs that specifically interact
with alg-5 could be involved. One other family of miRNAs, the mir-35 family has
been shown to function to regulate germline sex determination by targeting sup26 and nhl-2 target mRNAs via a strong maternal effect in the embryo, prior to
the X chromosome ratio being set (McJunkin and Ambros, 2014; 2017). This is
largely a somatic phenotype that affects sperm function in contrast to the mir44/45 mutant phenotypes, which appear to regulate the formation of sperm
during larval development. However, neither sup-26 or nhl-2 are highly predicted
to be mir-44 family targets. Therefore, it is unlikely that the mir-35 family and the
mir-44 family function at the same point in germline sex determination on the
same target mRNAs.
Our evidence along with published data (Bezler et al., 2019; Minogue et
al., 2018) supports a model that the two identical family members, mir-44 and
mir-45, function together in the hermaphrodite germline during larval
development to indirectly control key regulators of the sperm-oocyte switch,
including fbf-1, fem-3, and fog-1. These miRNAs promote the robust expression
of the sperm cell fate since I see a significant reduction in sperm production with
a high degree of variability in the population of mutant worms.
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Chapter 3: The mir-44 family regulates spermiogenesis and sperm transfer
in males

3.1 Introduction
Sperm formation and function are central to optimal fertility. Defects in
these processes affect ~15% of human couples worldwide (Agarwal et al., 2015).
Infertility can occur for a myriad of reasons. In human males with defects in
fertility, an altered miRNA expression pattern in sperm was observed compared
to patients with no fertility defects (Abu-Halima et al., 2013). Moreover, in both
mice and C. elegans, defects in miRNA biogenesis impacts spermatogenesis
(Conine et al., 2013; Hayashi et al., 2008; Pavelec et al., 2009; Romero et al.,
2011). However, the functions of specific miRNAs that may be involved in this
process are largely unknown in C. elegans.
The lack of known functions of specific genes in C. elegans males is not
exclusive to miRNAs. Males have been studied much less than hermaphrodites
in C. elegans research. However, the study of gene function in males is key to
understanding both shared and sexually dimorphic functions of genes. It has
been well established that some genes and processes have sexually dimorphic
functions. For example, LIN-12/Notch can regulate the formation of the vulva in
hermaphrodites and the tail and spicule in males (Reviewed in Barr et al., 2018;
Sternberg, 2005). In analogous processes, males and hermaphrodites can use
different genes to achieve the same results, such as in sperm activation
(Reviewed in Ellis and Stanfield, 2014). Furthermore, males provide a system for
singularly studying sperm formation and function as males only make sperm.
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This allows us to uncouple the specific function of miRNAs in sperm formation
and function in males and in hermaphrodites. In addition to understanding how
miRNAs can regulate sperm function, some genes can have sexually dimorphic
functions. Therefore, it is important to study functions of miRNAs in both males
and hermaphrodites in order to identify shared and unique functions in the two
sexes.
In C. elegans, miRNAs are involved in many developmental processes
and can ensure that pathways are robust (Hornstein and Shomron, 2006;
Martinez et al., 2008a). miRNAs are expressed in adult males at similar levels to
hermaphrodites, yet, some of the individual miRNAs that are expressed in males
are not expressed in hermaphrodites (Kato et al., 2009). In fact, in the male
germline, nine miRNAs are exclusively expressed in males but are not expressed
in the hermaphrodite germline (Bezler et al., 2019). Other small RNA pathways
also function in sperm formation and function in C. elegans males. Loss of both
26G-RNAs and Piwi RNAs have defects in male fertility that range from
decreased sperm activation to reduced numbers of mature germ cells (Batista et
al., 2008; Conine et al., 2013). The multiple groups of small RNAs that function in
the germline underscores the importance of understanding the functions of each
of these groups and how they impact fertility.
Currently just a few individual miRNAs have known male specific
functions. The mir-35 family regulates mating ability and tail morphogenesis in
males (McJunkin and Ambros, 2014; 2017). mir-54 and mir-56 have roles in
specifying male sensory rays of the tail by targeting a Hox gene, egl-5 (Zhang
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and Emmons, 2009). Lastly, let-7 regulates lin-41 for proper timing of male tail
development (Del Rio-Albrechtsen et al., 2006). However, many other miRNAs
are also expressed in males and their functions have not yet been described.
In the male germline, miRNAs could function to regulate many different
processes such as mitosis, meiotic progression/spermatogenesis,
spermiogenesis or be loaded to paternally contribute to embryos. Any miRNAs in
the spermatids are likely not actively repressing mRNAs as spermatids are
transcriptionally quiescent and contain no ribosomes (Ward et al., 1981; Wolf et
al., 1978). Some miRNAs are known to be transferred from the germline to the
embryo facilitating the switch to zygotic expression (Stoeckius et al., 2014).
Therefore, changes in the expression of target mRNAs during development can
lead to phenotypes observed in the mature spermatid.
One challenge to studying males, is that males occur at 0.01-0.1% in
populations of C. elegans (Barrière and Felix, 2005; Hodgkin and Doniach, 1997;
Ward and Carrel, 1979). Also, worms with defects in sperm formation, sperm
function, or mating behaviors are not easily maintained. Therefore, to facilitate
our analysis of miRNA functions in males, nearly all strains have a him-8(e1489)
mutation, which increases frequency of the non-disjunction of the X chromosome
(Hodgkin et al., 1979). Therefore, a hermaphrodite will generate male progeny
that can be used for analysis.
This chapter will focus on characterizing the function of the mir-44 family
in C. elegans males. As in chapter two, the primary analysis of the mir-44 family
will occur in mir-45(xw11) mir-42/44(nDf49) mutant with a him-8(e1489) mutation
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to ensure a population of males to study. The mir-45(xw11) mir-42/44(nDf49)
mutation disrupts function of four miRNAs mir-42, mir-43, mir-44 and mir-45.
These mutants will often be referred to as mir-44/45 males to emphasize the two
missing identical mir-44 family members. The mir-44 family in C. elegans is part
of the larger conserved mir-279 family in other organisms, one member of which
functions in differentiation of sperm in the testes in Drosophila (Monahan and
Starz-Gaiano, 2016). I will describe functions for the mir-44 family in the transfer
of male sperm to the hermaphrodite following mating and the ability of sperm to
migrate to the hermaphrodite spermatheca via spermiogenesis. This work will
describe a family of miRNAs that regulates two distinct processes in C. elegans
males.

3.2 mir-44/45 mutant males generate fewer cross progeny
When males mate with a hermaphrodite, male sperm is used
preferentially, and the resulting offspring are called cross progeny as opposed to
self progeny , which are generated from hermaphrodite sperm (Reviewed in
L'Hernault, 2006). To understand if mir-44/45 regulates sperm formation or
function, I looked at mir-44/45 mutant male’s ability to generate progeny with
hermaphrodites. If there is a defect in mating, sperm formation, or sperm
function, then hermaphrodites produce self-progeny with hermaphrodite sperm
fertilizing an oocyte. To assess any defects in these processes, individual
hermaphrodites with an unc-17(e245) recessive mutation, were used in order to
differentiate self progeny from cross progeny via the uncoordinated phenotype
are crossed with males. Successful mating will generate a high percentage of
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cross progeny (Figure 3.1A). If a low number of cross progeny is observed, this
means that there is a defect in male fertility.
When mir-44/45 males were crossed with unc-17 hermaphrodites for 24
hours, significantly fewer cross progeny were generated compared to those
mated with control him-8 males (Figure 3.1B). Only animals that generated at
least one cross progeny were analyzed, 89.3% (25/28) of control males produced
any cross progeny whereas only 34% (25/73) of mir-44/45 males produced any
cross progeny. Closer examination of the number of the percent of cross progeny
generated each day indicates that, if mir-44/45 mutant males initially transferred
sperm, then male sperm were used preferentially to the hermaphrodite sperm
(Figure 3.1C). Additionally, mir-44/45 mutant males produced fewer total cross
progeny, in comparison to the control males, which generated an average of 254
cross progeny, mir-44/45 mutant males only produced on average 199 cross
progeny. mir-44/45 males consistently produced fewer cross progeny ranging
from 51-297 cross progeny whereas the control produced a range of 233-353
cross progeny. This suggests that mir-44/45 sperm are at least partially
functional. However, after the first day of the assay, cross progeny significantly
decreases compared to control. This suggests that if fewer sperm are
transferred, mir-44/45 male sperm are able to be used preferentially. The
decrease in cross progeny could be due to many different defects of mir-44/45
mutant males, including to defects in mating behavior, sperm transfer, sperm
migration, spermatogenesis or sperm activation. In order to determine why mir-
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44/45 males produce low numbers of cross progeny, I analyzed mir-44/45 mutant
male processes more specifically.

A

No male
specific defect

Male specific
defect

No male
specific defect

B

***

C

Figure 3.1. mir-44/45 males generate fewer cross progeny. (A) Schematic of
mating assay, hermaphrodites are mated with males in 1:1 crosses for 24 hours,
the percentage of cross-progeny indicates the number of offspring fertilized with
male sperm. The percentage of cross progeny is quantified throughout the
reproductive lifetime of the hermaphrodite (B) Total percentage of cross progeny
for lifetime. n>10. Mann-Whitney Test, p<0.05 (C) Percentage of cross progeny
per day following mating with males. n>10. ANOVA comparing N2 and mir-44/45
for each day. ***p<0.0005, *p<0.01
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3.3 mir-44/45 does not regulate male’s ability to do turns around
hermaphrodites
As mir-44/45 males generate a reduced number of cross-progeny (Figure
3.1B), I wanted to know if mir-44/45 regulates mating behavior. Mating behavior
in males can be broken into several stereotyped sub-behaviors (Figure 3.2A).
The first behavior that a male must exhibit is to respond to the hermaphrodite,
which occurs when the rays of the tail first makes contact with a hermaphrodite
(Figure 3.2A-I). In the rays of the tail, males have cilia at the end of the nerves,
which allows them to locate the hermaphrodite on the plate (Barr and Sternberg,
1999). Males can respond to sensory signals from the hermaphrodite including
mechanosensory of the vulva and the ends of the hermaphrodite body (Barr and
Sternberg, 1999). Once the male finds the hermaphrodite via the sensory
neurons in the rays of the tail, the male begins to scan, looking for the vulva
(Figure 3.2-II). Until the male finds the vulva, it circles around the head and tail in
a turning process (Figure 3.2-III-IV), this process is mediated by
neurotransmitters- serotonin and dopamine (Loer and Kenyon, 1993). They must
circle the hermaphrodite to find the vulva, once they locate the vulva, they must
correctly insert the spicule for sperm to be released into the uterus (Figure 3.2-V;
Reviewed in WormBook, 2006).
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Hermaphrodite

V. Vulval Location, Spicule
Insertion, Ejaculation
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Figure 3.2. Male mating behavior and turning ability of mir-44/45 males. (A)
Steps in male mating behavior. Blue arrowhead and dotted blue line indicate
male. Pink arrowhead and dotted pink line denote hermaphrodite. Hermaphrodite
is anesthetized and remains in the same position for all steps. Black arrows
indicate the order of mating sub-behaviors I. Contact with Hermaphodite II.
Response III. Backward Locomotion. IV. Turning V: Vulval Location, Spicule
Insertion, and Ejaculation. Modified from (WormBook2006) (B) Control and
experimental worms that interacted at any point during the ten minutes were
assayed and reviewed blindly as to not bias results. The percentage of good,
sloppy or missed turns was averaged per worm (n=6). One-way ANOVA to
compare good turns, sloppy turns, and missed turns as analyzed in (Loer and
Kenyon, 1993).
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Defects in interactions during mating can decrease the number of sperm
transferred to the hermaphrodite, as the behavior becomes sloppy and males are
only able to occasionally locate the vulva and insert the spicule for sperm to be
released (Liu and Sternberg, 1995). Male defects in the sensory neuron make
vulval location and ejaculation difficult. Once the male locates the vulva, it
positions the tail over the vulva, inserts the spicule, and ejaculates for the sperm
to enter the uterus (Garcia and Sternberg, 2003; Liu and Sternberg, 1995). Each
of the different steps of mating behavior has been mapped to specific neurons
and pathways (Reviewed in Barr et al., 2018). Therefore, defects in one of these
behaviors can be connected to specific neuronal circuits and muscles. I
assessed how mir-44/45 males respond to hermaphrodites in the process of
mating by looking at their turns around the head and tail of hermaphrodites. This
work was done in coordination with Ben Olson and Edgar Ortega in the lab.
To do this, video microscopy of mating events was performed and the
turns at the either end of the hermaphrodite and their ability to locate the vulva
were scored. All videos were analyzed blindly, so that the person scoring the
video did not know the genotype of the strain to avoid any bias. This experiment
assesses the mating sub-behaviors from response to vulval location (Figure
3.2A). However, this assay is unable to assess if the spicule is inserted or sperm
is transferred. The turns were scored as good, missed, or sloppy (Loer and
Kenyon, 1993). Good turns were when the male tale continuously made contact
with the hermaphrodite. Sloppy turns were when the male tail stopped making
contact with the hermaphrodite but then quickly made contact again. Turns that
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were missed were when the male tail initially makes contact with the
hermaphrodite and then stops making contact with the hermaphrodite. I saw no
differences in the ability of mir-44/45; him-8 to complete turns and locate the
vulva compared to the him-8 control (Figure 3.2B). Therefore, the decrease in
cross progeny this is not a defect in mir-44/45 male’s ability to execute the first
several steps of mating behavior.

3.4. mir-44 family male somatic expression
As mir-44/45 appear to have normal mating behavior, but generate low
number of cross progeny, I wanted to determine if mir-44/45 affects the external
male morphology. The male tail differentiates during the L4 stage of
development, it is made up of a fan, held out by rays that surround the spicule,
which retracts into the gubernaculum and hook. These structures are able to
guide mating behavior. Males have nine pairs of rays, which have overlapping
roles in the mating behavior, including in initiating the contact response, vulva
searching and turning behavior. Therefore, gross defects in the rays, hook or
sensory neurons could cause defects in mating and subsequent sperm transfer
(Reviewed in WormBook, 2006). I analyzed expression of the mir-44 family in
males, which had not been assessed previously. I saw that the mir-44 family had
some male specific somatic expression in addition to expression in structures
shared by males and hermaphrodites such as the intestine (further analysis in
Chapter 4). mir-44 was observed in the spicule and rays/gubernaculum (Figure
3.3A). mir-45 was observed in the spicule/gubernaculum (Figure 3.3B). mir-61
was also observed in the spicule (Figure 3.3C). mir-247 did not have any male
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specific expression. A limitation to these images is that it is difficult to identify the
expression localization only to the spicule or to the gubernaculum as they are
quite close together. Further analysis of these structures at a higher
magnification or different resolution could further inform which structures the mir44 family is expressed in. These results indicate that the mir-44 family is
expressed in diverse sets of cells in the male mating structures.
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Figure 3.3. Representative mir-44 family expression in males. Left panel: DIC
images Right panels: GFP Fluorescence. Representative images of miRNA
promoters that drive GFP expression in adult males. Arrows indicate the
structure labelled below each fluorescent image (A) wwEx26 [Pmir-42/44::GFP]
(B) wwIs10 [Pmir-45::GFP] (C) arIs107 [Pmir-61::GFP].
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3.5. mir-44/45 does not regulate the development of external male mating
structures
As mir-44/45 mutant males are unable to generate many cross progeny
but have normal mating behavior (Figure 3.1B) and several members of the mir44 family are expressed in male specific structures (Figure 3.3), I wanted to see if
mir-44/45 mutant males had defects in external mating structures. The external
male structure is primarily made up of the hook, spicule and rays. Defects in the
morphology of any of these structures would decrease the number of sperm
transferred. However, there is some degree of redundancy in this process,
therefore some changes do not completely abolish sperm transfer. For example,
as long as any three pairs of rays are present, they are sufficient to perform the
mating behaviors in this process, but at a lower efficiency (Liu and Sternberg,
1995).

Figure 3.4. mir-44/45 mutants males have largely normal tail morphology.
Representative DIC images of control and mir-44/45 male worms with hook and
rays labelled.
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I examined mir-44/45; him-8 males compared to control him-8 males and
looked at the number of rays on the tail as well as the presence of spicule and
fan and noted any other morphology differences. mir-44/45 mutant males had the
same number of rays and no obvious differences in external morphology (Figure
3.4). Therefore, defects in mir-44/45 male’s ability to generate cross-progeny are
not due to defects in male tail morphology. Although mir-44, mir-45, and mir-61
have expression in these structures, the expression does not appear to be
required for the gross external morphology of mir-44/45. This analysis does not
preclude a phenotype due to the significant amount of neuronal input to the tail
structures, which regulate much of the male mating behavior. As mir-44/45
mutant males have no defects in mating behavior or external mating structures, I
wanted to understand if the reason for a low number of cross progeny was due to
a defect in the number of sperm that were produced.

3.6 mir-44/45 does not regulate sperm number in males
I examined mir-44/45 males to quantify the number of sperm generated.
Male C. elegans can make up to 500-700 sperm at one time and continue to
make sperm throughout their adult lifetime (Hodgkin, 1983). To determine if the
failure to generate cross progeny (Figure 3.1B) was due to defects in the number
of sperm generated, I quantified the number of sperm in celibate males at
L4m+10 hours, a period at which spermatogenesis was completed, using a his72::gfp transgene that has GFP expression in germ cells. I saw no significant
difference in the number of sperm in mir-44/45 mutants compared to control
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animals (Figure 3.5). Therefore, it is unlikely that mir-44/45 regulates
spermatogenesis in males.
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Figure 3.5. mir-44/45 does not regulate sperm number in males. Number of
sperm in males at L4m+10 hours, T-test, p=0.99 (n=8).

3.7 mir-44/45 male sperm are normal sized
I wanted to understand if mir-44/45 sperm’s reduced ability to compete
with hermaphrodite sperm was due to size of mir-44/45 male sperm. C. elegans
males typically generate larger sperm than hermaphrodites, the larger size of the
sperm allows for more adhesion in the uterus and spermatheca and therefore
can crawl faster towards the oocyte for fertilization, it is one of the reasons that
male sperm is used preferentially to hermaphrodites when available (LaMunyon
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and Ward, 1999). Therefore, I measured the size of mir-44/45 male sperm
compared to control and saw no difference in sperm size (Figure 3.6). mir-44/45
male sperm are the right size to be able to compete with hermaphrodite sperm.
These results coupled with no defects in sperm number and mating behavior
lead us to try to understand the transfer and function of male sperm. During the
process of mating, male sperm must be released into the vas deferens through
the seminal vesicle, then transferred into the hermaphrodite vulva. Defects in the
quantity of or ability to transfer male sperm to hermaphrodites would decrease
the number of cross progeny generated.
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Figure 3.6. mir-44/45 does not affect the size of male sperm. Spermatid size
of male sperm isolated via germline dissection. n≥100. T-test, p = 0.99
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3.8 mir-44/45 is required for the effective transfer of male sperm to the
hermaphrodite
I assessed if the male was able to transfer sperm to the hermaphrodite
following mating. In the process of mating, male sperm are transferred to the
hermaphrodite uterus through the vulva. As mir-44/45 males generate a
decreased number of cross progeny following mating and can locate the vulva
(Figure 3.1B and Figure 3.2), I looked to see if mir-44/45 was necessary for the
transfer of sperm to the hermaphrodite during mating.

Table 3.1. Analysis of sperm migration and localization for mir-44/45
Interacted with
hermaphroditea

Hermaphrodites
with sperm
transferredb

Hermaphrodites with sperm
localized only to spermathecab

him-8; his-72::gfp

80.3% (45/56)

82.2% (37/45)

94.6% (35/37)

mir-44/45; him-8;
his-72::gfp

80.9% (51/63)

23.5%*** (12/51)

8.4%*** (1/12)

Strains were compared with a Chi Square Test comparing the two strains. ***p value < 0.001
aPercentage of male worms that exhibited turning behavior and located vulva within 30
minutes observed
bNumber of hermaphrodites with his-72::gfp positive male sperm following interaction and
specifically his-72::gfp positive male sperm localized to the spermatheca

The transfer of male sperm to hermaphrodites has a strong neuronal
component. To be able to find a mate: males respond to Asarocides, similar to
pheromones, through the male specific CEM neurons (Srinivasan et al., 2008).
Males can also sense the number of hermaphrodite sperm, which impacts the
willingness of males to engage in this behavior. Males are more likely to mate
with hermaphrodites who have already used their own self-sperm or fail to
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generate any sperm (Morsci et al., 2011). This effect is pervasive enough that
males that are defective in the initial contact response to are still able to mate to
older hermaphrodites. Once these criteria are satisfied in the hermaphrodite,
sperm transfer occurs at the end of mating behavior.

A

Video
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Figure 3.7. mir-44/45 transfer fewer sperm to the hermaphrodite uterus. (A)
Males were mated to anesthetized hermaphrodites, following interaction with
male, him-8(e1489); his-72::gfp or mir-44/45; him-8(e1489); his-72::gfp, male
sperm transferred to the hermaphrodites was quantified or location of spermatids
assessed in the uterus. (B) Any male that transferred sperm, the number of GFP
positive his-72::gfp sperm in uterus immediately after interaction. n>7. T-test,
p<0.05.
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Sperm transfer is composed of four sub-steps: initiation, release,
continued transfer, and cessation (Schindelman et al., 2006). For initiation of
spicule insertion and sperm transfer to occur, there must first be contact with the
vulva, secretions from neurons on the post-cloacal sensilla stimulate the cloaca
associated oblique and gubernaculum muscles at the tail end of the male. These
same neurons also make synaptic connections, which amplify the signal for
contraction of the spicule (Liu et al., 2011). The contractions of these muscles
push open the vulval lips and stabilize the male tail over it.
For sperm transfer to occur, after the spicule penetrates the vulva, seminal
fluid is secreted from the vas deferens and seminal valve, it travels through the
cloaca and into the hermaphrodite vulva and uterus. Then the seminal valve
dilates, allowing sperm cells to move into the vas deferens. The sperm then
collects in the vas deferens until spicule sensory neurons trigger the sperm to be
released to the hermaphrodite. To do this, the neurons of each spicule, sense a
chemical or physical factor in the vulva and uterus to open further by signaling to
the muscles in this region to contract and open the vulva (Liu et al., 2011). The
sperm and additional seminal fluid drain into the hermaphrodite. As the male
releases the sperm and seminal fluid, the spicule socket cells secrete dopamine
to reduce male reproductive activity until more sperm regenerate, about nine
minutes (LeBoeuf and Garcia, 2017). The male spicule penetrates the vulva until
dopamine signaling terminates intromission (Garcia and Sternberg, 2003).
To assess if mir-44/45 males can transfer sperm, I observed males to
ensure that they interacted with hermaphrodites to find the vulva. Importantly,
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there was no difference in the number of interactions consistent with mating
behavior (Table 3.1). Following this interaction, I quantified the number of males
that were able to transfer sperm to the hermaphrodite using a his-72::gfp
transgene (Figure 3.7A). I saw that in comparison to the control, mir-44/45 males
transferred sperm at only about one-third of the time (Table 3.1). This is
consistent with the numbers observed in the first mating assay where 89.3% of
control males produced any cross progeny whereas only 34% of mir-44/45 males
produced any cross progeny. In addition to fewer animals that have sperm
transferred at all, I also saw that when mir-44/45 mutant males transferred
sperm, they transfer significantly fewer, many transferring less than 100
spermatids (Figure 3.7B). Therefore, mir-44/45 functions to facilitate the transfer
of sperm to hermaphrodites.

3.9 mir-44/45 male sperm have migration defects and fail to localize to the
spermatheca
As mir-44/45 mutant sperm fail to transfer to the hermaphrodite, but still
could transfer sperm some of the time, I wanted to understand if this was
sufficient for the decrease in cross progeny after day 1 of the assay. Following
transfer to the hermaphrodite uterus, male sperm must migrate from the vulva to
the spermatheca. I looked at the localization of mir-44/45 male sperm following
mating. Typically, there are signals from both the sperm to the oocyte and the
oocyte to the sperm to guide it from the vulva to the spermatheca. The sperm
first signals to the oocyte and this initiates meiotic maturation of the oocyte via
Major Sperm Protein (MSP) (Miller et al., 2001). The oocytes release a poly
unsaturated fatty acid (PUFA) signal, which indicates the direction of the sperm
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to crawl (Kubagawa et al., 2006). In response to PUFA signals, the sperm
increase velocity and crawl in a directional manner to one of the spermathecas.
Response to PUFAs uses chemosensory G protein coupled receptors (GPCRs)
to navigate. This system must be established during early germline development
for sperm to migrate effectively and maintain velocity (Hoang and Miller, 2017).
Following each ovulation event, the sperm are pushed out of the spermatheca
into the uterus and have to crawl back in to the spermatheca. I wanted to see if
when mir-44/45 male sperm was transferred to the hermaphrodite, it was capable
of receiving the signal from the oocyte and crawling towards the spermatheca.
After determining if any sperm were transferred to the hermaphrodite, I examined
the localization of sperm in the uterus and spermatheca. In the control, ~95% of
the time that sperm was transferred, it localized to the spermatheca or just
adjacent to the spermatheca (Table 3.1, Figure 3.8). The control sperm are
capable of moving back in to the spermatheca following an ovulation event. In
contrast, in mir-44/45 mutants, sperm was rarely localized to the spermatheca,
only in 1/12 (8.4%) hermaphrodites that had sperm transferred. More often mir44/45 male sperm were found spread throughout the uterus and close to the
vulva. The mir-44/45; his-72::gfp male sperm were not seen on the plate
following mating indicating that this phenotype is not likely due to sperm being
lost out of the vulva due to premature removal of the spicule. I conclude that mir44/45 is necessary for movement of sperm throughout the hermaphrodite uterus.
This is consistent with both the mating assay and transfer data (Figure 3.1 and
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3.7; Table 3.1). I wanted to understand specifically why the sperm failed to
migrate.

Vulva

sp

Vulva

sp

his-72::gfp Sperm
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mir-44/45; his-72::gfp Sperm
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Figure 3.8. mir-44/45 regulates sperm migration. Representative images of
sperm migration phenotypes. sp- spermatheca, dashed line outlines the
spermatheca, arrows indicate individual spermatids. Top row: his-72::gfp male
sperm in hermaphrodite spermatheca. Bottom two rows are two viewpoints of the
same animal showing mir-44/45; his-72::gfp male sperm close to the vulva.
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3.10 mir-44/45 sperm frequently fail to activate
As mir-44/45 mutant male sperm fail to migrate to the spermatheca, I
wanted to understand if mir-44/45 was necessary for the process of
spermiogenesis (sperm activation). In order for C. elegans sperm to fertilize
oocytes, the sperm must undergo the process of spermiogenesis. This is the
process of a round haploid spermatid generating a pseudopod such that it can
crawl to be able to fertilize an oocyte (Figure 3.9A; (Shakes and Ward, 1989).
During activation, Fibrous Body-Membranous Organelles (FB-MOs) fuse with the
plasma membrane of the sperm, and then the MSP reorganizes into a
pseudopod for crawling towards oocytes for fertilization (Ward et al., 1981). In
vivo, this reaction typically happens at the same time as mating and ejaculation
when sperm interacts with seminal fluid. In males, there are two different
pathways for sperm activation. One of the pathways for sperm activation involves
a secreted serine protease, TRY-5. It is repressed by SWM-1, a trypsin inhibitor
(Smith and Stanfield, 2011; Stanfield and Villeneuve, 2006). The combination of
signaling by these factors allows for activation to occur. Loss of swm-1 or try-5
inhibits the proper transfer of sperm to the hermaphrodite uterus. The second
activation pathway is still largely unknown, but Zinc has been shown to function
within this pathway (Liu et al., 2013). One identified member of this pathway is
ZIPT-7.1, a zinc transporter (Zhao et al., 2018). Once sufficient amounts of zinc
are sensed, ZIPT-7.1 is activated and transports zinc to the cytoplasm where it
triggers activation and the pseudopod is generated.
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Figure 3.9. mir-44/45 sperm fails to activate. (A) Schematic of spermiogenesis,
showing an inactive spermatid becoming a motile sperm. (B) Representative
images of control and mir-44/45 sperm after incubation in sperm buffer and
pronase activator. Few mir-44/45; him-8 male sperm form pseudopods. The
number of active spermatids was determined from each worm and scored based
on morphology. At least 10 sperm were scored for each worm. All experiments
were done in parallel with a no activator control. (C) Following activation with 200
µg/mL Pronase in sperm buffer (D) Following activation with 5mM ZnSO4 in
sperm buffer n≥10. T-test. **p<0.001
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In vitro, several chemicals have been discovered for activation of C.
elegans sperm. Incubation of spermatids with Pronase E, TEA, DIDs, or several
zinc compounds for just a few minutes gives robust activation (Bae et al., 2009;
Liu et al., 2013; Nelson and Ward, 1980; Shakes and Ward, 1989). To determine
if mir-44/45 male sperm have defects in the process of spermiogenesis, I
examined sperm activation using Pronase and zinc sulfate to assess both sperm
activation pathways. I saw that with both Pronase and zinc sulfate mir-44/45
activation was significantly decreased compared to the control (Figure 3.9B and
C). Therefore, mir-44/45 regulates the process of spermiogenesis in C. elegans
hermaphrodites. As activation is significantly decreased with both Pronase and
zinc sulfate, mir-44/45 likely functions upstream of TRY-5 and ZIPT-7.1
consistent with the function of miRNAs in the earlier stages of development

3.11 Predicted mir-44 family male germline targets
Analysis of predicted targets of the mir-44 family from TargetScan, where
Gene Ontology was then assessed and ranked by the ten terms that had the
most genes. To assess any differences in Gene Ontology between the somatic
and male germline predicted targets of the mir-44 family, I looked at both the GO
terms for all tissues regardless of genes expressed in the larval stage or tissue
as well as compared to the expression of genes in the male germline as adults.
Comparison of these two analyses highlights potentially different terms that can
be used for additional analysis of individual targets. Analysis of all terms
regardless of tissue type and age did not reveal any terms that were obviously
related to sperm transfer to the hermaphrodites (Figure 3.10A). One interesting
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term was oviposition, or egg laying. While males don’t make any oocytes to
position, this is not surprising as many of these genes often overlap with
hermaphrodite expressed genes. The mir-44 family does regulates egg laying
(Chapter 4). Intriguingly, cells involved in egg laying and sperm transfer to
hermaphrodites arise from the same lineage in development and could therefore
regulate processes with shared functions.
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Figure 3.10. Gene Ontology of mir-44 family predicted male targets. Highest
GO Terms of computationally predicted mir-44 family targets. Numbers to the
right represent P-values. (A) Whole animal GO terms (B) male germline GO
terms.
Similarly, to the target analysis discussed in Chapter 2, of hermaphrodite
germline predicted targets, I examined the predicted mir-44 family targets cross
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referenced with expression of male expressed genes (Figure 3.10B; Appendix
Table C; (Tzur et al., 2018). Comparison of both these lists revealed that 183
genes that overlapped with the predicted targets and male germline expression.
Gene Ontology was then assessed and ranked by the most common terms
(Appendix Table D). The most abundant Gene Ontology terms were
unsurprisingly embryo development, reproduction, and larval development
(Figure 3.10A).
One interesting category of genes in predicted mir-44 family male
germline targets is locomotion or movement of a cell or organism from one
location to another. mir-44/45 functions to regulate spermiogenesis, which is a
necessary component for locomotion of the sperm (Figure 3.9). As males have
not been as studied in C. elegans, fewer functions in the male germline have
been annotated with GO terms compared to those for hermaphrodites. This can
make it difficult to understand the specific functions in males. This list of terms
informs future analysis of mir-44 family germline targets and can launch future
investigations of the specific target pathways being regulated.

3.12 Discussion
This work has focused on understanding the function of the mir-44 family,
in male development, sperm formation, and sperm function. Our work has
demonstrated that the mir-44 family of miRNAs can regulate two distinct
processes necessary for optimal male fertility: the ability of males to transfer
sperm during mating and the process of spermiogenesis.
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The first process mir-44/45 regulates is the ability of males to transfer
sperm during mating. This is likely a function of mir-44/45 in somatic tissues of
the male. For sperm transfer to occur, sperm are released from the seminal valve
into the vas deferens upon the spicule penetrating the vulva. The sperm then
remain in the vas deferens until sensory neurons on the spicule are activated and
the sperm are transferred into the hermaphrodite. Preliminary evidence suggests
that mir-44/45 mutant sperm are able to be released from the seminal valve,
therefore this suggests that the observed defect is due to transfer of the sperm.
Transfer of sperm is in part regulated by unc-18, a protein necessary for
exocytosis. Some mutants in unc-18 are unable to initiate sperm transfer and to
continue transfer of sperm (Schindelman et al., 2006). unc-18 acts on the ventral
nerve cord in the male specific CA neurons (Schindelman et al., 2006). unc-18 is
also a predicted target of the mir-44 family. Future analysis of sperm transfer in
the mir-44 family will focus on understanding if it regulates the neural circuits
involved in sperm transfer with a focus on identification of potential targets.
Rescue of mir-44/45 function with a pan-neuronal specific promotor as well as
more specific rescue constructs expressed in neurons could inform if the sperm
transfer phenotype is due to mir-44 family regulation of this process. A function
for the neuronal regulation of sperm transfer in males is particularly interesting as
many of the neurons in males derive from the same cell lineage as neurons that
regulate the process of egg laying in hermaphrodites. In chapter 4, I show that
the mir-44 family also regulates egg laying and therefore these two functions
could regulate shared targets in sexually dimorphic neurons.
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The second process that mir-44/45 regulates in males is spermiogenesis.
mir-44/45 mutant male sperm fails to migrate to the spermatheca or activate in
response to in vitro activators (Figures 3.8-3.9). As mir-44/45 male sperm are
unable to be activated with either pronase or zinc, which act in two separate
pathways for activation, this suggests that mir-44/45 regulates a shared target
that is established earlier in development in the germline. For example, many of
the structures of mature spermatids are established early in development and are
required for activation. For example, the FB-MOs are first established during
meiosis in the germline, once spermatids are produced, the MOs fuse with the
plasma membrane for MSP to polymerize and create the pseudopod for
movement (Reviewed in Smith, 2014). Failure to properly establish FB-MOs
during meiosis can lead to decreased levels of activation (LaMunyon et al.,
2015). Additionally, earlier in development, the channels and receptors are
established in the sperm, which can regulate the signal transduction for activation
to occur (Reviewed in Ellis and Stanfield, 2014). This spermiogenesis defect
appears to be specific to male sperm, as mir-44/45 hermaphrodites generate the
same number of progeny as they do sperm, indicating that all sperm are
functional (Figure 2.6). In males, sperm activation takes place using a spe-8
independent pathway compared to a spe-8 dependent pathway in
hermaphrodites (Reviewed in Ellis and Stanfield, 2014). The spe-8 independent
pathway has only few characterized members including swm-1, try-5, and snf-10
(Fenker et al., 2014; Smith and Stanfield, 2011; Stanfield and Villeneuve, 2006).
None of these are predicted to be mir-44 family targets. However, other
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components and regulators of this pathway have yet to be identified and the mir44 family could regulate one of these members of the pathway. Further analysis
of regulators of the spe-8 independent pathway will likely help to identify mir-44
family targets.
Current analysis of mir-44/45 in males does not indicate that it is
regulating germline sex determination by promoting sperm fate as occurs in
hermaphrodites. As described in chapter two, the function of mir-44/45 in the
hermaphrodite germline is to regulate germline sex determination through
promoting sperm fates. This maintains the period of spermatogenesis. There are
two reasons that this phenotype is may not be seen in mir-44/45 males. First, the
mir-44 family could by functioning in distinct pathways in males and
hermaphrodites. Second, unlike hermaphrodites, males do not have to switch to
producing oocytes. If mir-44/45 is necessary for the switch from sperm
production to oocyte production, a reduction in sperm period would not be a
visible phenotype even if mir-44/45 is still regulating the same targets and
pathways in males. To fully understand if mir-44/45 males regulate the same
targets in the process of germline sex determination as in hermaphrodites,
analysis of mutants in the germline sex determination pathway and mir-44/45 in
males similar to that done in chapter 2 would be necessary.
One other outstanding question that impacts our analysis of what targets
the mir-44 family regulates is if target mRNAs are degraded or stabilized in male
germlines. If target mRNAs are not being degraded, then the function of miRNAs
in the germline is less clear, however they can still function to repress target
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mRNAs. Recent research has shown that in hermaphrodite germlines, miRNAs
act to stabilize and not actively repress and degrade mRNAs. Therefore, mRNA
levels are unaltered (Dallaire et al., 2018). It is hypothesized that this is a method
for protecting mRNAs and not having active degradation of mRNAs that are
maternally loaded and required in early development. This could occur for both
the maternal contribution of miRNAs to the embryo and protection of deleterious
degradation of mRNAs in germ cells. This stabilization of mRNAs has not yet
been shown in male germ cells. Other work has shown that genetic factors from
the paternal lineage are quite important (Stoeckius et al., 2014). Rescue of just a
few miRNAs in the male testes in mice suppresses embryonic lethality and many
miRNAs are contributed to embryos through sperm in C. elegans (Conine et al.,
2018; Stoeckius et al., 2014). mir-44/45 appears to function in spermiogenesis,
which is usually a function of germ cell expression. Analysis of if mir-44/45 act to
repressive or stabilize mRNAs in the male germline will impact the analysis of
targets of this family related to loss of function phenotypes.
Other members of the mir-44 family, mir-61 and mir-247, could also
function in males. This work has primarily focused on mir-44 and mir-45 as they
generate identical mature miRNAs and when both expressed act redundantly
with one another. The other two family members, mir-61 and mir-247 could also
contribute to spermiogenesis and sperm transfer in males. They could function
analogously to how mir-61 and mir-247 sperm number in hermaphrodites (Table
2.1). Previously, both of these miRNAs have described functions in the somatic
cells of hermaphrodites. mir-247 regulates processes in the somatic distal tip
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cells (Bukhari et al., 2012). mir-61 also functions to regulate vulval development
through vav-1 (Yoo and Greenwald, 2005). As the distal tip cells also exist in
males, mir-247 could still regulate the distal tip cell function. These other mir-44
family members could also have other sexually dimorphic phenotypes in the
males compared to hermaphrodites and should be studied further.
Analysis of mir-44 family predicted germline targets doesn’t reveal a
simple individual target spermiogenesis including in spe genes or in known
regulators of this process. This has made determining the individual target
mRNAs difficult to determine. It could be consistent with the mir-44 family
regulating multiple target mRNAs modestly to make a process more robust,
wherein small changes in an entire network that could include targets such as
transcription factors and those involved in feedback loops. Targets of the mir-44
family in the process of sperm transfer to the hermaphrodite are not easy to
elucidate as well, further analysis of this will focus on known regulators of the
neuronal input of this process including unc-18.
Future analysis to identify mir-44 family targets will include genetic
analysis of the mir-44 family males with known regulators of germline sex
determination. This will ascertain if mir-44/45 modulates the function of these
genes similarly to the function in hermaphrodites or if it is a hermaphrodite
specific function. In addition, I will identify any expression of mir-45 in the male
germline similarly to hermaphrodites using the reporter in Figure 2.2. In the
future, biochemical approaches to identify targets of the mir-44 family will have to
be assessed. I will also continue to work to understand the target mRNAs and
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genetic pathways associated with the processes of sperm transfer and
spermiogenesis.
This work has identified set of miRNAs that regulate different aspects of
the fertility in C. elegans in males. I have identified the first set miRNAs to be
involved in spermiogenesis and likely function in the male germline in C. elegans.
I have also identified a function for this set of miRNAs regulating sperm transfer
to hermaphrodites likely functioning in the soma. This work provides a framework
to further understand how multiple biological processes in males are regulated by
miRNAs. Moreover, this work highlights the importance in understanding gene
function in both males and hermaphrodites.
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Chapter 4: Characterization of mir-44 family somatic phenotypes

4.1 Introduction
The initial observation of low brood size in mir-44 family mutants (AlvarezSaavedra and Horvitz, 2010) piqued our interest in understanding the pathways
and processes that the mir-44 family regulates. In attempting to determine how
the mir-44 family functions, I analyzed many phenotypes associated with somatic
cells and germ cells. Identification of the mir-44 family functions has primarily
focused on the gonad arm and associated structures as mir-44 family mutants
display penetrant phenotypes in germline sex determination and sperm transfer
upon mating. However, loss of the mir-44 family also has a myriad of mutant
somatic phenotypes. Somatic functions have been described for miRNAs in
organisms that are part of the larger mir-279 family, of which the mir-44 family in
C. elegans is a part. For example, mir-279/996 function to direct cell fates in the
Drosophila eye (Duan et al., 2018).
One somatic function that the mir-44 family has previously been shown to
regulate is egg laying (Alvarez-Saavedra and Horvitz, 2010). Egg laying is the
process of moving embryos (eggs) out of the hermaphrodite uterus for further
development and hatching. In C. elegans, egg laying occurs for a short (1-2
minute) active period where a clutch of eggs is laid on a plate followed by a
longer (~20 minute) inactive period (Reviewed in Schafer, 2005). The process of
egg laying is largely regulated by neuronal inputs to the vulval muscles that open
the vulva. The vulval muscles, Hermaphrodite Specific Neurons (HSNs), and VC
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motor neurons make up the egg laying circuit (Reviewed in Schafer, 2006). The
HSNs and VC neurons join together on the vulval muscles, activity of these
neurons contracts the vulva to expel eggs. Contraction of this structure is done
by serotonin release by the HSNs to G protein coupled receptors (GPCR) on the
vulval muscles. This increases excitability and leads to contraction during the
active state. Inhibition of egg laying occurs in the inactive state and is also
regulated by the amount of serotonin available (Waggoner et al., 2000). In
addition to modulation of egg laying by serotonin, activity of potassium channels
represses excitability of the vulval muscles thereby maintaining the inactive state
(Collins et. al, 2016) Our research analyzes how the mir-44 family regulates egg
laying in C. elegans.
Following construction of a mir-44/45 double mutant (Chapter 2), I was
able to complete broad phenotypical analysis of all mutant combinations of the
mir-44 family to capture potential roles in diverse biological pathways and
processes. Analysis of somatic expression of the mir-44 family shows many
distinct expression patterns in tissues ranging from neurons to intestine. This
expression may indicate tissues in which mir-44 family may function in. Further
characterization of all mutant combinations revealed functions for mir-44 family
members in the process of egg laying and embryogenesis.

4.2 Somatic expression of mir-44 family
To characterize the functions of the mir-44 family, I examined where the
mir-44 family was expressed using previously constructed transgenes containing
miRNA promoters driving GFP expression (Martinez et al., 2008b). I assessed
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expression in hermaphrodites and males during L4 and young adult stages.
These transgenes are integrated into the genome using particle bombardment,
which often leads to transgene silencing in the germline. Therefore, this
expression analysis is limited to somatic tissues. (Hunt-Newbury et al., 2007;
Reece-Hoyes et al., 2007). Consistent with the previously published expression
data of hermaphrodites throughout development I observed that mir-44
expression in: embryos, seam cells, vulva, and intestine (Figure 4.1); mir-45 was
observed in the intestine and pharyngeal neurons (Figure 4.2); mir-61 was
observed in head and tail neurons (Figure 4.3); and mir-247 was observed in the
pharynx (Figure 4.4). mir-61 was also expressed in the vulval precursors during
L2 and mir-247 has also been shown to be expressed in the distal tip cells during
L2 and L3 (Martinez et al., 2008b). Expression of mir-61 in the vulval precursors
and mir-247 in the distal tip cells is closely related to previously reported
functions of these miRNAs in regulating vulval patterning and distal tip cell
function (Bukhari et al., 2012; Yoo and Greenwald, 2005). Our analysis was
completed in the late larval stage and in young adult animals, but miRNA
expression levels are dynamic through the different larval stages (Kato et al.,
2009).Therefore, the mir-44 family could have additional expression in other
somatic cells and tissues during earlier stages of development that were not
analyzed here. These results indicate that the mir-44 family is expressed in a
diverse set of somatic cells.

Embryo
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Pmir-42/44::GFP

DIC

Pmir-42/44::GFP

DIC

Pmir-42/44::GFP

Vulva

Seam Cells

DIC

Intestine

Figure 4.1. Representative mir-42/44 expression. Left: DIC images Right: GFP
Fluorescence. Arrow indicates vulva location

Pmir-45::GFP

DIC

Pmir-45::GFP

Pharyngeal Neurons

DIC

Figure 4.2. Representative mir-45 expression. (Left: DIC images Right: GFP
Fluorescence.
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Head Neurons

Hermaphrodite

DIC

Pmir-61::GFP

Figure 4.3. Representative mir-61 expression Left: DIC images Right: GFP
Fluorescence.

Pharynx

Hermaphrodite

Figure 4.4 Representative mir-247 expression. Left: DIC images Right: GFP
Fluorescence.

4.3 The mir-44 family regulates egg-laying in an antagonistic manner
In C. elegans, after fertilization, eggs accumulate in the uterus, typically
about 10-15 at a time. Once they accumulate the vulval muscles contract to open
the vulva and eggs are ejected onto the plate. This involves coordination
between the vulval muscles and neurons for this to occur (Reviewed in Schafer,
2005). Defects in egg-laying can lead to the accumulation of many eggs in the
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uterus. These eggs continue to develop, eventually hatching within the uterus, as
these worms hatch, they kill the parent, which then exhibit a “bag of worms” or
“bagging” phenotype (Herndon et al., 2003).
For egg laying to occur, it requires uterine muscles that force the eggs out
of the uterus and eight vulval muscles that contract to allow the vulva to open
and release the eggs (Schafer, 2005). The vulval muscles in hermaphrodites and
structures necessary for sperm transfer in males both arise from muscle cells in
the M-lineage (Reviewed in Barr et al., 2018). Neuronally, these muscles are
regulated by two Hermaphrodite Specific Neurons (HSNs) and six VC cholinergic
neurons. When animals are in an active state, releasing eggs, the HSNs secrete
serotonin, which causes the vulval muscles to contract and lay eggs. The VC
neurons make the vulval muscles more sensitive to the serotonin secreted by the
HSNs. They regulate the frequency that egg laying events occur regulate the
contractile states of the muscles (Desai and Horvitz, 1989).
mir-44 family mutants display defects in egg retention in the uterus
resulting in the bagging phenotype. This was initially observed in analysis of
mutants missing up to three members of the mir-44 family (Alvarez-Saavedra
and Horvitz, 2010). Analysis of egg retention was completed in conjunction with
an undergraduate Clarine Larsen. I assayed all combinations of mir-44 family
mutants, including the mutant strain missing all four family members. It revealed
a complex relationship between different members of the mir-44 family. Loss of
mir-44, mir-45, or mir-247 in double or triple mutant combinations had a
significantly increased number of eggs retained in the uterus (Table 4.1).
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However, loss of mir-61 in most mutant combinations would decrease the
number of eggs retained in the uterus.
Therefore, it appears that mir-44, mir-45, and mir-247 act to promote egg
laying, whereas mir-61 acts to inhibit egg laying. mir-61 has a previously reported
function in LIN-12/Notch signaling in the regulation of vav-1 during specification
of the vulva (Yoo and Greenwald, 2005). mir-61 regulation of vav-1 may not be
the only target mRNA that the mir-44 family regulates in egg laying. Other mir-44
family mutants also have defects in egg laying. Therefore, the function of more
than one member of the mir-44 family is likely necessary for proper egg laying. I
wanted to understand specifically how mir-44/45 contributes to an egg-laying
phenotype as well as the functions of mir-61 and mir-247.
Genetic or laser ablation of the HSNs lead to strong defects in egg laying
(Gumienny et al., 1999) They function as part of a feedback loop (Desai and
Horvitz, 1989). Therefore, if the vulval precursor cells and vulval muscles develop
correctly, one reason that egg laying could be impaired is due to defects in
signaling to and from these structures. Synapses of the HSNs and VC neurons
regulate the periods of activity when an animal is actively laying eggs (Desai et
al., 1988). In the active phase, HSNs release serotonin, which signals through G
Coupled Protein Receptors and egg laying occurs (Moresco and Koelle, 2004).
This modulates the levels of calcium and potassium, which maintain the active
and inactive states respectively (Collins et. al, 2016). Retention of the eggs in the
embryo could be impaired if the vulval muscle cells are unable to receive or
respond to these signals.
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To further understand how the mir-44 family regulates egg laying,
assessment of the function of the HSN and VC neurons to understand how they
respond in mir-44/45 and mir-61 mutants is necessary to understand the
functions of the mir-44 family.

Table 4.1. Phenotypic characterization of mir-44 family mutants.
Genotype

Bagging (%)

Egg Retention

Wild-Type

0.0

15.1 ± 6.3

Embryonic
Lethality (%)
0.6

mir-44a

3.7*

14 ± 4.3

2.2

mir-44b

9.1*

14.5 ± 4.2

0.5

mir-45a

0.0

15.4 ± 6.1

2.0

mir-45b

22.5***

26 ± 12****

5.3

mir-61
mir-247

6.5*
10.2**

mir-44 mir-45c

11.0***

9.2 ± 3.3
24.4 ± 12***
36.7 ± 15.1***

5.5
0.0
3.7

mir-45d

27.5***

29.1 ± 11***

3.8

mir-44; mir-61

10.3**

13.2 ± 3.8

1.2

mir-44; mir-247

0.0

19.6 ± 4.8

0.4

mir-45; mir-61

10.0**

22.3 ± 9.3*

5.5

mir-45; mir-247

11.1**

28.4 ± 11***

1.2

mir-61; mir-247

2.1

13.1 ± 4.8

1.7

mir-44 mir-45; mir-61

10.6*

12.7 ± 4.2

1.7

mir-44 mir-45; mir-247

11.3**

39.4 ± 15.5***

0.0

mir-44; mir-61; mir-247

9.1*

12.7 ± 4.3

1.5

mir-45; mir-61; mir-247

6.4*

11 ± 5

2.1

mir-44 mir-45; mir-61; mir-247

5.0*

19.7 ± 8.6

8.8*

mir-44

Average and Standard Deviation are reported for each assay (AVG ± SD). The complete
genotype for strains is given in the Key Resources Table. For bagging and embryonic
lethality strains were compared with a Fisher’s exact test using N2 as the reference. For egg
retention strains were compared with an ANOVA followed by a Dunnett’s multiple
comparison test using N2 as the reference. ***p <0.0001, **p <0.001, *p <0.05. an4280 bxw8
c
nDf49 dxw8 xw19

4.4 Some combinations of mir-44 family members contribute to embryonic
development
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In our effort to fully characterize the mir-44 family, I examined the rate of
embryonic lethality. Embryonic lethality can arise for many reasons, failure to
complete meiosis after fertilization, defects in mitotic machinery, incorrect cell
cycle timing, failure to make a chitinized eggshell, or polyspermy (Reviewed in
Stein, 2018; Zipperlen et al., 2001). In mir-44 mir-45; mir-61; mir-247 mutants I
see an increased rate of abnormally shaped embryos that fail to hatch (Table 4.1;
Figure 4.5B). This reveals an interesting additive phenotype not otherwise
exhibited strongly in mir-44 family mutants. mir-44 mir-45; mir-61; mir-247
embryos have a chitinized eggshell and appear to be in the early stages of cell
division. This is still a very low penetrance phenotype in mir-44/45; mir-61; mir247 mutants, only 8.8% of embryos assayed did not hatch (Table 4.1).

Figure 4.5. mir-44/45; mir-61; mir-247 regulates the shape and hatching of
embryos. Representative images of embryos, mir-44/45; mir-61; mir-247
unhatched embryos images were taken following overnight observation on a
plate that they did not hatch. (A) Control (B) mir-44/45; mir-61; mir-247 mutants
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A similar phenotype has also been reported in mir-35 mutants (McJunkin
and Ambros, 2014). This is reportedly due to defects in the somatic gonad
(Kovacevic et al., 2013). The somatic gonad is the non-germ cell components of
the gonad arm in C. elegans. One section of the somatic gonad is the gonadal
sheath cells, five pairs of cells that surround the germ cells connected by gap
junctions connected to the spermatheca (Reviewed in Hubbard, 2005). The
sheath cells contract around the oocytes to push them into the spermatheca
where the sperm are store so that fertilization can occur. Once the oocyte is
propelled in the spermatheca, the spermatheca expands for the oocyte to enter
and interact with sperm. On the proximal end of the spermatheca is the spermuterine valve, this opens to move the newly fertilized embryo into the uterus.
Premature closing of the sperm-uterine valve could sever the embryo, not
allowing it to hatch, leading to abnormally shaped embryos. Expression of the
mir-44 family in the somatic gonad has not been shown in our analysis of
expression (Figure 4.1-4.4) or in experiments that attempted to identify somatic
gonad enriched miRNAs (Bezler et al., 2019). Therefore, it is not clear how the
mir-44 family could function in the regulation of somatic gonad, however it
remains a possibility.
Alternatively, the mir-44 family could be required for the process of
embryogenesis. mir-44 is expressed in embryos (Figure 4.1; Martinez et al.,
2008b) and mir-44, mir-45, and mir-61 are all found at high levels in embryos
(Kato et al., 2009). The mir-44 family miRNAs could be maternally loaded for
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embryonic development, similar to the mir-35 family miRNAs (Alvarez-Saavedra
and Horvitz, 2010). Therefore, loss of multiple mir-44 family miRNAs could halt
embryonic development. Complicating the analysis of mir-44 family function is
that in mir-44 family loss of function mutants, several mir-2 family members are
also lost. Three out of four members of the mir-2 family are co-transcribed with
the mir-44 family. To determine if loss of the mir-44 family is sufficient for
increased levels of embryonic lethality, more precise alleles and strains that
rescue the function of mir-2 family members will need to be constructed and
assessed. At this point, the reason for the processes related to embryonic
lethality in mir-44 family mutants are not clear and will need to be elucidated
further.

4.5 Gene ontology of mir-44 family targets
The embryogenesis and egg laying phenotypes displayed in mir-44 family
mutants highlight additional potential functions of the mir-44 family. Analysis of
Gene Ontology for computationally predicted mir-44 family targets highlights
several interesting terms including oviposition. Genes associated with oviposition
or egg laying include goa-1, a GPCR that modulates serotonin levels in the vulval
muscles (Shyn et al., 2003). These genes would be strong candidates as target
mRNAs of the mir-44 family to analyze in relationship to egg laying. Another
interesting GO term related to the process of egg laying is locomotion, regulation
of egg laying is coordinated with the movement of C. elegans and have many
overlapping genes (Collins et. al, 2016). Additionally, several of the GO terms
associated with the mir-44 family are involved with transcription. If the mir-44
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family functions in embryogenesis, high levels of transcription occur in the early
cell divisions in the embryo (Baugh et al., 2003). Leaving an interesting list of
possible targets. This list of GO terms identifies several interesting lists of targets
for assessment.

1.8e-5

locomotion
transport
regulation of transcription
oviposition
protein phosphorylation
phosphorylation
protein catabolic process
small GTPase mediated signal transduction
positive regulation of transcription from RNA polymerase II promoter
negative regulation of transcription from RNA polymerase II promoter

1.1e-2
2.5e-2
3.3e-6
8.0e-3
2.0e-2
9.9e-5
2.6e-6
5.5e-3
2.7e-4
0

20

40

60

80

Number of Genes

Figure 4.6. Gene Ontology of computationally predicted mir-44 family
targets. Highest GO Terms of computationally predicted mir-44 family targets
regardless of tissue type or larval stage. Numbers to the right represent P-values.

4.6 Discussion
In this chapter, I show that the mir-44 family functions to regulate egg
laying and possibly embryogenesis. Interestingly, it was observed that different
members of the mir-44 family have antagonistic roles in the regulation of egg
laying with different members of the mir-44 family functioning to promote or
inhibit egg laying (Table 4.1; Alvarez-Saavedra and Horvitz, 2010). This differs
from other functions of the mir-44 family in processes such as in germline sex
determination in which all members appear to function similarly, contributing to
promoting sperm fates (Table 2.1). As well as with observations of the functions
of the mir-35 family and the let-7 family in which removal of additional family
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members in the family generates a more penetrant phenotype (Alvarez-Saavedra
and Horvitz, 2010; Miska et al., 2007).
To truly assess how the mir-44 functions in egg laying, further analysis of
the neuronal inputs of egg laying and how they function in the mir-44 family is
necessary. Intriguingly, egg laying and sperm transfer require cells that arise
from the same cell lineages (Sulston and Horvitz, 1977). Therefore, it may
represent a shared function between males and hermaphrodites. Future
experiments should focus on shared components of these pathways, such as the
VC motor neurons. In hermaphrodites, loss of a few VC motor neurons in an egl1 mutant greatly enhances the egg laying phenotype (Waggoner et al., 1998). In
males, there are many more neurons, which can impact mating behavior.
Interestingly, the development and regulation the expression of some of the VC
motor neurons in males and hermaphrodites have been shown to be regulated
by TRA-1, which is involved in sex determination (Reviewed in Barr et al., 2018).
This is of particularly interest as I showed that mir-44/45 modulates sex
determination in the germline and could have shared components that are being
regulated similarly.
The mir-44 family could also regulate embryogenesis. Mutants in mir-44,
mir-45, mir-61, and mir-247 generate an increased number of unhatched
embryos. I have yet to elucidate the cause of the unhatched embryos. Two
possibilities are that the mir-44 family regulates the process of embryogenesis or
the function of the somatic gonad. One confounding factor in the interpretation of
this phenotype is that the mir-44 family is often co-transcribed with three out of
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four members of the mir-2 family: mir-43, mir-250, and mir-797 (Figure 2.2).
miRNAs are often in transcriptional clusters, which share one promoter and
sometimes have similar expression patterns that are indistinguishable using the
(Martinez et al., 2008b) Promoter GFP constructs. Further generation of more
precise mir-61 and mir-247 mutants that don’t lose the function of mir-250 and
mir-797 will have to be completed to separate the function of these two families
or reveal a synthetic function. Additional analysis of this phenotype would involve
rescuing the function of the mir-44 family in only the somatic gonad to determine
if the unhatched embryos arise from loss of the mir-44 family in the somatic
gonad. It would also involve further characterization of the unhatched mir-44, mir45, mir-61, mir-247 embryos to understand the specific stage that development
ceases.
The antagonistic function of mir-61 during egg laying outlines an intriguing
role for individual miRNAs in the same family and share the same seed
sequence. Most miRNAs that share the same seed sequence regulate the same
target mRNAs. For this to occur, they must be expressed in the same cells during
the same stages of larval development (Martinez et al., 2008b). Therefore,
redundant functions of miRNAs in a family is dependent on expression at the
same time in the same place. mir-61 is found at a mostly stable level throughout
larval development in whole animals, in comparison, mir-44 and mir-45 increase
significantly during L3 and L4 (Kato et al., 2009). The stable expression of mir-61
indicates that it could function to stably repress one or a few targets throughout
development. During L2, mir-61 is found in the vulval precursor cells, whereas no
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other members of the mir-44 family are expressed in the vulval precursor cells
particularly at this time frame (Martinez et al., 2008a). Another reason that mir-61
could function antagonistically is changes in the 3’ region of the miRNA
compared to other mir-44 family members. The majority of binding between the
miRNA and the mRNA occurs in the seed sequence (nucleotides 2-8), however
additional binding outside of that region can direct further repression (Reviewed
in Bartel, 2018). For example, let-7 specifically binds lin-41 in the 3’ UTR with
additional binding, so that other family members cannot bind earlier in
development (Ecsedi et al., 2015; Lewis et al., 2005). Additionally, mir-61
associates strongly with ALG-5 and is generated in a Drosha independent
manner that the rest of the mir-44 family does not (Brown et al., 2017; Minogue
et al., 2018). These other differences could be key to the function of mir-61 in
contrasting roles to other members of the mir-44 family.
Broad phenotypic analysis of all combinations of the mir-44 family has
identified new somatic functions. In combination with the functions in
hermaphrodites in germline sex determination and spermiogenesis and sperm
transfer in males, the mir-44 family appears to function in many different
biological processes. Further analysis of mir-44 family targets using biochemical
and further genetic approaches will increase the understanding of how the mir-44
family specifically regulates these target mRNAs. This work reinforces how one
group of miRNAs can regulate many biological processes.
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Chapter 5: Discussion

5.1 Overview
This work has identified new functions of the mir-44 family in C. elegans. I
have determined that mir-44/45 functions to modulate the process of germline
sex determination to promote sperm fate in hermaphrodites. More specifically,
mir-44/45 regulates the number of sperm that are generated, as well as the
transition from spermatogenesis to oogenesis. I have identified that mir-44/45
likely functions by regulating fbf-1 and fem-3 to regulate levels of fog-1 in the
pathway of germline sex determination. In addition to the function of the mir-44
family in hermaphrodite germline sex determination, I’ve also identified additional
functions of mir-44/45 in males and somatic tissues of both males and
hermaphrodites. In males, mir-44/45 regulates the process of spermiogenesis
and the transfer of sperm likely through somatic cells to the hermaphrodite uterus
in the process of mating. In somatic tissues, the mir-44 family regulates egg
laying and embryogenesis. Therefore, I conclude that the mir-44 family functions
in diverse biological processes and reinforces cell fates in germline sex
determination for it to occur in a robust manner.

5.2 miRNAs regulate germline sex determination
Germline sex determination in C. elegans hermaphrodites requires a
binary switch from sperm fate to oocyte fate. Very few other biological processes
require such a radical switch. One of the other process that requires this binary
switch is the maternal to zygotic transition. The maternal to zygotic switch is
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when the developing animal switches from the maternally provided gene
products to the zygotic genome (Reviewed in Tadros and Lipshitz, 2009). As
misregulation of these processes can have deleterious effects on the health and
reproductive ability of animal, fine tuning regulation is necessary. Interestingly,
the maternal to zygotic transition requires miRNAs. In C. elegans, as well as in
mice and zebrafish, miRNAs are important for regulation of the maternal to
zygotic switch (McJunkin, 2017; Tang et al., 2007). This function sets a
precedent for miRNAs functioning to regulate these important binary switches.
Our work describes another function of miRNAs in the regulation of a binary
switch in germline sex determination from spermatogenesis to oogenesis.
Many genes in germline sex determination require translational control. In
germ cells, translational control often happens in the 3’ UTR (Merritt et al., 2008).
Many of the genes in germline sex determination encode proteins that both bind
to RNA in the 3’ UTR including fbf-1, gld-1, and fem-3 and can be bound by other
RNAs for regulation (Akay et al., 2013; Bachorik and Kimble, 2005; Zhang et al.,
1997). For example, FEM-3 binds TRA-1 in the 3’ UTR for repression and FEM-3
is bound by FBF in the 3’ UTR (Ahringer and Kimble, 1991; Crittenden et al.,
2002). This creates overlapping webs of regulation all occurring at the posttranscriptional/translational level. In addition, the same translational regulator can
bind many genes in the pathway (Porter et al., 2019). It’s hypothesized that the
translational level of regulation in this pathway is so that the cells are able to stay
totipotent. The cells then have the potential to become sperm or oocytes only
with the right combination of translational control and signaling (Kimble and

116
Crittenden, 2007). As the germ cells are totipotent, the combination of gene
activity requires multiple levels of regulation. Misregulation of the sex
determination genes’ activities can generate hermaphrodites that only make
sperm or only oocytes. changes in these gene’s activities means that later germ
cells can switch back to spermatogenesis following a period of oogenesis
Another regulator that functions at the translational level is miRNAs. miRNAs
also bind in the 3’ UTR and have been shown to function to make biological
processes more defined (Ebert and Sharp, 2012; Hornstein and Shomron, 2006).
This process, which takes totipotent germ cells and specifies them as either
sperm or oocytes, requires precision in this decision for functional gametes.
Therefore, miRNAs can be yet another post-transcriptional regulator of germline
sex determination.

5.3 Additional regulation by miRNAs in germline sex determination
Our discovery that the mir-44 family of miRNAs regulates germline sex
determination is consistent with reported functions of miRNAs reinforcing cell
fates (Reviewed in Ambros and Ruvkun, 2018). In other organisms, such as flies
and chicken, miRNAs have also been implicated in germline sex determination
although it is not well defined at the cellular level (Cutting et al., 2011; Fagegaltier
et al., 2014; Lee et al., 2011). All of the specific miRNAs that function in this
broad process have not been determined in any organism.
miRNAs may play a multifaceted role in germline sex determination. In C.
elegans, germline sex determination requires the promotion of sperm fate early in
development and then oocyte fate later in development. Many miRNAs could
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regulate different aspects of this pathway. ALG-5, a miRNA associated
Argonaute and the miR-35 family could also function in germline sex
determination (Brown et al., 2017; McJunkin and Ambros, 2017). alg-5 is a
recently characterized Argonaute that associates with a subset of germline
expressed miRNAs (Brown et al., 2017). Mutants in alg-5 switch to oogenesis
from spermatogenesis earlier than control. This phenotype is similar to mir-44/45
mutants, however, mir-44 and mir-45 are not among the miRNAs that were found
to strongly associate with ALG-5 (Brown et al., 2017). Analysis of the early
embryo phenotype in mir-44/45; alg-5(ram-2) mutants done by an
undergraduate, Audrey Volk, in the lab showed that there was no enhancement
in this phenotype compared to mir-44/45 on its own. This indicates that other
miRNAs may not be involved in this aspect of germline sex determination
through activity with alg-5. There are still multiple ways that ALG-5 could regulate
this pathway. One, while mir-44/45 associates more strongly with other
Argonautes, it can weakly associate with ALG-5. This weak association could be
enough for miRNAs to bind and function in germline sex determination. Two,
other members of the mir-44 family could also be involved in germline sex
determination. Another member of the mir-44 family such as mir-61 could
function redundantly in this process, as all combinations of mir-44 family mutants
generate fewer sperm (Table 2.1). Three, the relationship between which
miRNAs sort onto different Argonautes is complex. We know that miRNAs can
associate with alg-1, alg-2, or alg-5, and usually not other Argonautes (Aalto et
al., 2018; Bartel, 2018; Bridge et al., 2017; Brown et al., 2017). Different
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Argonautes are expressed during different larval stages and in different cells.
Therefore, even if certain miRNAs can associate with the different Argonautes
they must be present at the right time. ALG-2 and ALG-5 are the two miRNA
Argonautes with expression in the germline. They can also be expressed at
different abundances in the same cells. If two Argonautes are present at the
same time, then miRNAs will load onto different Argonautes based on differences
in length of the miRNA and the relative abundance of the different Argonautes
(Bridge et al., 2017; Burroughs et al., 2014; Czech and Hannon, 2010; Dueck et
al., 2012). Therefore, the miRNA Argonaute interaction in this process must still
be analyzed in depth. To understand the relationship between individual miRNAs
and specific Argonautes, data about which Argonautes and which miRNAs are
bound in each larval stage are necessary.
It is likely that other miRNAs are involved in other aspects of germline sex
determination. The mir-35 family of miRNAs plays essential roles in
embryogenesis and the establishment of germline sex determination by targeting
nhl-2 and sup-26 during embryogenesis (McJunkin and Ambros, 2014; 2017). It
is unlikely that the mir-35 family and mir-44 family share mRNA targets based on
computational analysis. The targets and the expression pattern for the mir-35
family are not consistent with those for the mir-44 family, indicating that the mir35 and mir-44 family likely have distinct functions in regulating germline sex
determination. The plethora of germline associated miRNA roles that are being
discovered underscore the importance of regulation by miRNAs in maintaining
germ cell fates.

119
Analysis of the function of the mir-44 family in germline sex determination
had a few surprising results. One unexpected result that we saw was that in mir44/45 mutants, FOG-1 expression persisted to adulthood (Figure 2.7). This is
unexpected as mir-44/45 hermaphrodites have a significantly decreased number
of sperm produced and a premature switch to oogenesis. Conventionally,
expression of FOG-1 correlates with sperm specification (Lamont and Kimble,
2007). In the control, FOG-1 typically decreases by mid-L4. In a majority of mir44/45 mutants FOG-1 is still expressed during this time period. If FOG-1 levels
remain high, it would be expected to have an extended period of
spermatogenesis. However, an increased number of sperm is not observed in
mir-44/45 mutants. In fact, an earlier switch to oogenesis is observed. Consistent
with this, other markers such as SPE-44 indicate that at this time mir-44/45
mutants are not specifying sperm. Therefore, it is not as simple as levels of FOG1 specifying the number of sperm as previously proposed (Lamont and Kimble,
2007). Additionally, studies have shown that FOG-1 and FOG-3 can be
dispensable in spermatogenesis in complex mutants (Cho et al., 2007; Kimble
and Crittenden, 2007). This suggests that there can be a parallel pathway with a
terminal regulator that also functions to specify sperm that is still uncharacterized
or a more complex relationship in specifying sperm.
The other unexpected result was the enhancement of the fem-3(gf); mir44/45 Masculinization of Germline (Mog) phenotype (Table 2.2). The Mog
phenotype occurs when there is no switch from spermatogenesis to oogenesis
(Barton and Kimble, 1990). The Mog phenotype is often seen in gain-of-function
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mutations in the fem genes, which only specify sperm (Ahringer and Kimble,
1991). As mir-44/45 mutants produce a significantly reduced number of sperm
and switch to oogenesis earlier than controls, I expected that I would not see an
increased Mog phenotype due to decreased levels of sperm specification in mir44/45 mutants. One reason that we could see this result is that mir-44/45
typically promotes cells towards becoming spermatids, loss of mir-44/45 only
slightly decreases this and an increased level of FEM-3 can push cells back
towards being spermatids.
There are multiple reasons that this set of results are a challenge to
interpret. One reason is that there are still unknown regulators of germline sex
determination (Ellis, 2008). TRA-1 is typically repressed by the FEM genes. Loss
of fem-1, 2, or 3 in hermaphrodites generates only oocytes. Whereas loss of tra-1
typically transforms hermaphrodites into males that make sperm. Therefore, loss
of both tra-1 and fem, would be expected to make only sperm (Reviewed in Ellis,
2008). Based on analysis of loss of function mutants with fem; tra-1 that
unexpectedly generate only oocytes, it is likely that other regulators may function
in this pathway (Doniach and Hodgkin, 1984). This indicates that fem genes also
have a role in spermatogenesis through a still unknown pathway. In addition,
even when fog-3 levels are high, a mutation in the fem genes still inhibits
spermatogenesis (Chen and Ellis, 2000), therefore expression of fog-1 or fog-3
may not be sufficient for spermatogenesis. Our analysis of how the mir-44 family
functions in germline sex determination is limited by the still unknown regulators
of this pathway.
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Data shown here indicates that mir-44/45 functions in germline sex
determination in hermaphrodites. One might then expect that mir-44/45 would
have a similar function in males. However, this doesn’t seem to be the case since
mir-44/45 males do not make significantly fewer sperm (Figure 3.2) and the
timing of sperm specification does not appear disrupted in mir-44 family mutant
males. As males can continuously produce sperm, a decrease in promoting
sperm fate as seen in mir-44/45 mutant hermaphrodites, may not be observed in
mir-44/45 mutant males as specification of sperm can continue and mask any
decrease in sperm specification. To assess this, examination of mutants that
both modulate this pathway and mir-44/45 would identify interactions between
mir-44/45 males and germline sex determination. Another potential explanation
could be that mir-44/45 functions in males in promoting spermatogenesis but in
hermaphrodites it was converted to functioning only during a short developmental
time necessary for promoting sperm in hermaphrodites. Taking into account
these results, it is clear that loss of mir-44/45 modulates the process of germline
sex determination, however the specific interactions and target mRNAs must still
be elucidated.

5.4 The mir-44 family regulates spermiogenesis and sperm migration.
mir-44/45 males have defects in spermiogenesis. However, I still don’t
understand specifically what aspect of spermiogenesis that mir-44/45 regulates.
Based on the failure to activate with the in vitro activators of both pronase and
zinc sulfate, I know that regulation of these pathways must occur at a shared
point earlier in development or a shared component. None of the known
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regulators of spermiogenesis such as swm-1, try-5, or zipt-7.1 are
computationally predicted targets of the mir-44 family. There are still some
unknown regulators of spermiogenesis, such as the receptor for zinc signaling
and the function of other ions (Zhao et al., 2018). Calcium has also been shown
to function in spermiogenesis through IP3R mediated signaling in combination
with MAP Kinase (Liu et al., 2014). Spermiogenesis can occur in a sex specific
manner and is consistent with only observing this defect in mir-44/45 males. To
fully determine the function of mir-44/45 in spermiogenesis requires further
research of components in the pathway of sperm activation.
An additional challenge to ascertaining the specific genes and pathways
that the mir-44 family functions in males are the two processes of
spermiogenesis and sperm transfer upon mating that are regulated. The
spermiogenesis defect phenotype is likely related to the function of mir-44/45 in
the male germ cells whereas the sperm transfer phenotype could be due to
signaling to or from somatic neuronal cells or muscle cells. As both of these
phenotypes contribute to the fecundity of mir-44/45 males. Studying both of these
phenotypes in vivo is difficult to dissect the contribution from each defect as both
decrease the fecundity in males. Continued analysis, including rescue of mir44/45 function specifically in somatic tissues, could further inform the specific
processes that the mir-44 family regulates in male sperm. These approaches will
work to further disentangle this complex relationship.

5.5 The mir-44 family regulates the somatic processes of sperm transfer
and egg laying
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One set of mir-44 family mutant phenotypes that are likely connected in
males and hermaphrodites, is egg-laying in hermaphrodites and sperm transfer
during mating in males. Both of these processes require neuronal input. The
neurons for these structures arise from a divergence in cell lineage during larval
development in the ventral nerve cord. Hermaphrodites have six VC neurons
which function with Hermaphrodite Specific Neurons to regulate egg laying
(Sulston et al., 1983). Males have two classes of VC neurons that function in
male copulatory behavior, which includes the transfer of sperm (Sulston and
Horvitz, 1977). As these both arise from the same lineage, one could
hypothesize that the mir-44 family could regulate an aspect of development that
which might lead to the rise of both of these mutant phenotypes in mir-44/45
mutants.
The mir-44 family could affect function in the neurons that are involved in
the process of sperm transfer in several different ways. One way that mir-44/45
could function is in the activity of the neurons in the spicule protractor muscles
(SPC, PCA, and PBC). Ablation of these neurons decreases ejaculation and
sperm release (LeBoeuf et. al, 2014). mir-44/45 could regulate the activity of
these neurons by impacting levels of dopamine or serotonin for this process to
occur. Another way that mir-44/45 could function to cause these defects would
be in modulation of the levels of unc-18. This gene is a computationally predicted
target of the mir-44 family. unc-18 is involved in exocytosis and membrane
trafficking in neurons (Weimer et al., 2003). In C. elegans, mutants in unc-18 are
defective in initiation and continuation of sperm transfer (Park et al., 2017;
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Schindelman et al., 2006). The mechanism by which UNC-18 likely functions is
through synaptic transmission of membrane fusion. In mir-44/45 mutants, if the
membranes were unable to properly fuse, the signal could not correctly
propagate, and sperm transfer would be unable to occur.
Last, mir-44/45 could function in somatic sex determination. While much of
the specific signaling that causes alterations in cell lineages in sexually dimorphic
neurons have not been formally investigated, some of the dimorphism occurs via
TRA-1, that regulates somatic sex determination (Reviewed in Barr et al., 2018).
For example, in hermaphrodites (XX), tra-1 is active and represses egl-1 in the
HSNs (Gumienny et al., 1999). This allows for normal egg laying to occur. In
males, tra-1 is inactive and therefore not repressing egl-1, which allows HSN cell
death to occur (Reviewed in Portman, 2007). This is just one way that somatic
sex determination regulates the neuronal expression in a sexually dimorphic
fashion. The mir-44 family in hermaphrodites already functions in modulating the
process of germline sex determination (Chapter 2) and somatic sex
determination shares many components of this pathway, therefore the sperm
transfer phenotype could be a logical extension of mir-44 family modulating the
process of sex determination. Shared components of the sex determination
pathway that mir-44/45 regulates in germ cells also have the potential to be
targeted by mir-44/45 in somatic cells as long as both the miRNA and target are
expressed in the same cells.
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5.6 The mir-44 family is co-transcribed with members of the mir-2 family
miRNAs are often found in polycistronic clusters, wherein one promoter
sequence transcribes multiple miRNAs (Lau et al., 2001). These miRNAs can be
part of the same or different families of miRNAs based on their seed sequence.
In Drosophila, miRNAs located in a one kilobase cluster from three different
miRNA families function to regulate developmental timing (Sokol et al., 2008).
The mir-44 family is no exception of being located in polycistronic clusters. mir-44
is transcribed along with mir-42 and mir-43 on chromosome II. mir-42 is part of
the mir-35 family and mir-43 is part of the mir-2 family. mir-45 is by itself on
chromosome II, nine kilobases away from the mir-42/44 cluster. mir-61 is
transcribed with mir-250, another mir-2 family member on chromosome five.
Finally, mir-247 is transcribed with mir-797 also in the mir-2 family on the X
chromosome.
Curiously, three out of four members of the mir-2 family are in a genomic
cluster that is likely to be co-transcribed with mir-44 family members. The other
mir-2 family member, mir-2, is on chromosome I. The genomic clustering of the
mir-44/mir-279 family with the mir-2 family is conserved other organisms as well.
In Caenorhabditis briggsae, another nematode, two out of members of the
families are also clustered. Outside of nematodes, two out of four members of
both of the families in Drosophila melanogaster are also found within a 10 kb
cluster. Evolutionarily, once a miRNA emerges in a lineage, it’s rarely lost in the
following lineages (Reviewed in Berezikov, 2011). Therefore, once a miRNA is
observed in a common ancestor, it is continuously found in the resulting species.
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As both C. elegans and Drosophila melanogaster are Protostomes, that share a
common ancestor, the conservation of these miRNAs in these locations is
expected.
The mir-2 family has several described functions. In C. elegans, mir-2
functions in neuromuscular junction signaling in cholinergic neurons (O’Hern et
al., 2017). In Drosophila, the mir-2 family is the largest miRNA family and is
required for suppressing apoptosis in the embryo (Leaman et al., 2005). The
mir-45(xw11) mir-42/44(nDf49); mir-61/250(nDf59); mir-247/797(n4505) mutant
which disrupts function of all members of the mir-44 family also disrupts function
of three members of the mir-2 family. These mutants have a higher rate of
embryonic lethality than the other mutant combinations of the mir-44 family
(Table 4.1). The embryonic lethality phenotype is consistent with a known
function of mir-2 in Drosophila, where loss of two mir-2 family members causes
disorganization of the cells in the embryo (Leaman et al., 2005). Conservation of
miRNA expression patterns in the same tissues over large evolutionary distances
is observed (Christodoulou et al., 2010). Therefore, as mir-2 organizes the cells
in embryos in Drosophila, I could expect that the expression could be maintained
in C. elegans. The relationship between the mir-44 family and the mir-2 family
could be an example of miRNA synergy. These miRNAs could regulate shared
targets or target several mRNAs that function in the same pathway to increase
the robustness of pathways and cell identities. Interestingly, embryonic lethality
was not observed in previous analysis of either of these families in C. elegans
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indicating that this could be due to synergistic interactions between the mir-2 and
mir-44 families.
We have not yet disentangled how the mir-44 and mir-2 family may
function to regulate complex processes. Future analysis of these families would
include building alleles that only lose specific miRNAs in these genomic clusters
for the loss of function of these family members or insertion of rescue constructs.
This analysis is essential prior to making any full conclusions in the function of
the mir-44 and mir-2 family in embryonic development. The possible interlinked
transcription of these two families continues to propagate the question of how
miRNAs with different seed sequences can promote the same functions of
biological processes.
The other miRNA that is transcribed in a cluster with the mir-44 family is
mir-42, with mir-43 and mir-44 on chromosome II. mir-42 is a member of the mir35 family, which has known germline functions in sex determination (McJunkin
and Ambros, 2014; 2017), particularly early in development establishing the
balance of the sex chromosomes. The mir-35 family doesn’t share targets with
highly computationally predicted mir-44 family targets. Most of the analysis in this
study was done in mir-45(xw11) mir-42/44(nDf49) mutants that lack mir-42, mir43, and mir-44. However, I also generated and mir-45(xw8) mir-44(xw19) mutant
that has an intact mir-42 and mir-43 and saw no difference in mutant phenotypes
comparing the two alleles (Figure 2.5B). This therefore suggests that mir-42 and
mir-43 in this combination are not causing the defects in germline sex
determination that we observe. The genomic clusters of miRNAs provide
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interesting questions of how unrelated miRNAs cooperate with one another for
future analysis.

5.7 The mir-44 family likely targets many different mRNAs
One gap in our knowledge of how the mir-44 family functions is the
specific mRNA targets miRNA that the mir-44 family regulates. One hypothesis is
that it is difficult to identify specific mRNA targets is that many miRNAs act as
fine tuners. This modestly affect levels of target mRNAs and can regulate many
different developmental pathways in a network (Alvarez-Saavedra and Horvitz,
2010; Martinez et al., 2008a; McJunkin and Ambros, 2017). This is counter to the
first described miRNAs, lin-4 and let-7 had strong penetrant developmental
phenotypes and functioned as genetic switches that regulated one target mRNA
and drastically changed the amount of protein produced. Models of miRNA
activity suggest that miRNAs function to canalize genetic programs for
robustness, by suppressing random fluctuations in mRNA number and making
biological processes more precise. Consistent with the mir-44 family acting to
reinforce cell fates, I see that mutants in the mir-44 family have a high level of
variability in defects. This high level of variability is consistent with function as a
fine tuner such that when the loss of miRNA, processes that are typically robust
and specific, become quite variable. However, this doesn’t largely change the
levels of proteins. Furthermore, the relationship between miRNAs in the germline
can stabilize mRNAs, not to repress or be degraded but stay potentially for future
functions. Both the regulation of many genes as well as only slightly modulating

129
the levels of target mRNAs makes it increasingly difficult to learn the specific
target mRNAs that the mir-44 family regulates.
Further analysis to determine individual targets would have to be done in
using biochemical and bioinformatic approaches then validated genetically. As
miRNAs in the germline often act to stabilize target mRNAs and keep them from
being translated or degraded (Dallaire et al., 2018), understanding only what
binds mRNAs bind targets will not provide a full picture of the biological functions
of miRNAs.
Initial analysis of highly predicted targets did not reveal any obvious
mRNA targets in either germline sex determination or spermiogenesis. Further
analysis of the Gene Ontology of highly predicted germline expressed targets
revealed many terms consistent with the functions seen in loss-of-function
mutant phenotypes (Figure 2.10 and 3.9). Interestingly, comparison of potential
germline expressed mir-44 family targets in males and hermaphrodites identified
22 targets that were only expressed in males and none were only found in the
hermaphrodite germline but not males. Subsequent analysis of the 22 distinct
candidate targets using Gene Ontology did not identify any GO terms using
DAVID, therefore we still know little about their functions. This result could mean
that these genes are still largely uncharacterized and have not had gene
ontology terms ascribed to them, which is not surprising because as previously
discussed there are fewer terms annotated for male specific functions. These
genes could provide an interesting launching point for male specific mir-44 family
targets.
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The difficulty in identifying the specific mRNA targets highlights a
challenge to miRNA research and function in particular the role of miRNAs in the
development of the C. elegans germline. miRNAs have dynamic expression
during development (Kato et al., 2009; Martinez et al., 2008a).Therefore further
research needs to be dedicated to understanding the function in germline cell
fates.

5.8 Conclusion
This body of work demonstrates that miRNAs act redundantly with one
another to promote cell fates in both somatic and germ cells to promote C.
elegans fecundity (Figure 5.1). This work has identified the first described
functions for mir-44 and mir-45 beyond decreased brood sizes linking them to the
pathway of germline sex determination. These results show that this phenotype
is due to the function of the mir-44 family in regulating germline sex
determination. Our results suggest that mir-44/45 regulates proper fog-1
expression through fbf-1 and fem-3 to promote sperm specification (Figure 5.1A).
Moreover, analysis of both males and hermaphrodites has revealed that
miRNAs can have dimorphic functions in males and hermaphrodites. In males,
the mir-44 family functions to regulate spermiogenesis (Figure 5.1B) and sperm
transfer upon mating (Figure 5.1C). The discovery of these different functions in
males and hermaphrodites opens the portal to encourage studying the function of
miRNAs in both males and hermaphrodites.
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Figure 5.1. Proposed models of miRNA function. Based on data collected,
potential pathways and physiological responses that are regulated by mir-44/45
(A) In the hermaphrodite larval germ cells, mir-44/45 promotes spermatogenesis
and prevents oogenesis from occurring too early. (B) In male germ cells, mir44/45 regulates spermiogenesis potentially through regulating the development
of functional spermatids to receive the signal for activation or respond to the
signal (C) In somatic cells, mir-44/45 may regulate the function of neurons
through promoting signaling to neurons to regulate the processes of egg laying
and sperm transfer from males to the hermaphrodite vulva.
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Our work has an impact in understanding how one family of miRNAs can
regulate germline sex determination and begins to answer questions about
specifically where within this pathway it acts. Furthermore, coupled with the
expression of the mir-44 family in the hermaphrodite germline during
spermatogenesis, I ascribe a role for miRNAs to function in germ cells and not
only to be loaded for early embryogenesis. As the mir-44 family is part of the
larger conserved mir-279 family, we would expect that it could be functioning in
similar processes in other animals. This work lays a foundation of understanding
the functions of miRNAs in the germline. Furthermore, this work underscores
how one family of miRNAs can modestly regulate many different biological
functions from specification of germ cells, to spermiogenesis and ability to
transfer spermatids, to embryogenesis.
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Chapter 6: Methods

6.1 General Methods and Strains
C. elegans strains were grown on NGM plates seeded with E. coli strain
AMA1004 at 20°C unless otherwise specified (Casadaban et al., 1983). All
animals were scored at the stages specified in the text. Some strains were
provided by the CGC, which is funded by NIH Office of Research Infrastructure
Programs (P40 OD010440). All strains are listed in Table 6.1, when multiple
alleles exist, allele used is indicated in the text.

Table 6.1. Strain List
Experimental Models: Organisms/Strains
Genotype
N2: wild-type
mir-42/44(nDf49) mir-45(xw11[gfp^3xFlag]) II
mir-45(xw8) mir-44(xw19[gfp^3xFlag]) II
mir-44(xw6[gfp^3xFlag]) II
mir-45(xw8[gfp^3xFlag]) II
stIs10027 [his-72 1kb::HIS-72::GFP; unc119(+)]
mir-45 (xw11) mir-42/44 (nDf49) II; stIs10027
[his-72 1kb::HIS-72::GFP; unc-119(+)]
mir-45(xw8) mir-44(xw19) II; stIs10027
fbf-1(ok91) II; him-8(e1489) IV; stIs10027 [his72 1kb::HIS-72::GFP; unc-119(+)]

mir-45(xw11) mir-42/44(nDf49); fbf-1(ok91) II;
stIs10027 [his-72 1kb::HIS-72::GFP; unc119(+)]
fog-1(q785) I; qSi140 [3xMyc::fog-1 + unc119(+)]
IV
fog-1(q785) I; mir-45(xw11) mir-42/44(nDf49)
II; qSi140 [3xMyc::fog-1 + unc-119(+)] IV

Source
Caenorhabditis Genetics
Center
This study
This study
This study
This study
Gift from Hong Zhang

Strain Name
N2

This study

RF980

This study
This study. JK3022
parent from
Caenorhabditis Genetics
Center
This study

RF1097
RF1038

Gift from Judith Kimble

JK5187

This study

RF1050

RF931
RF1094
RF920
RF932
RW10027

RF1039
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oxTi302 [eft-3p::mCherry::tbb-2 3'UTR + Cbrunc-119(+)] I; him-8(e1489) IV

unc-119(ed3) III; wwIs10 [mir-45p::GFP + unc119(+)]
unc-119(ed3) III; wwEx26 [mir-42-44p::GFP +
unc-119(+)]
arIs107 [mir-61p::2xNLS::YFP + ttx-3p::GFP +
pha-1(+)]
unc-119(ed3) III; maIs256 [unc-119(+) + Pmir247-797::GFP]
mir-42/44(nDf49)

mir-45(n4280) II
mir-61/250 (nDf59) V
mir-247(n4505) X
mir-42/44(nDf49) II; mir-61/250(nDf59) V
mir-42/44(nDf49) II; mir-247(n4505) X
mir-45(n4280); mir-61/250(nDf59)
mir-45(n4280) II; mir-247(n4505) X
mir-61(nDf59) V; mir-247(n4505) X
mir-42/44(nDf49) mir-45(xw11[gfp^3xFlag]) II;
mir-61/250(nDf59) V
mir-42/44(nDf49) mir-45(xw11[gfp^3xFlag]) II;
mir-247(n4505) X
mir-42/43/44(nDf49) II; mir61/250(nDf59) V;
mir-247(n4505) X
mir-45(n4280) II; mir-61/250(nDf59) V; mir247(n4505) X
mir-42/44(nDf49) mir-45(xw11); mir61/250(nDf59) V; mir-247(n4505) X
fer-1(hc1) I; him-5(e1490) V
dpy-13(e184) IV
mir-45(xw11) mir-42/44(nDf49) II; dpy-13
(e184) IV
him-8(e1489) IV; stIs10027 [his-72 1kb::HIS72::GFP; unc-119(+)]
mir-42/44(nDf49) mir-45(xw11) II; him8(e1489) IV
mir-45(xw11) mir-42/44(nDf49) II; him8(e1489) IV; stIs10027
unc-17(e245) IV.
mir-45(xw8) mir-44(xw19) II; him-8(e1489) IV;
stIs10027

This study. EG8040
parent from
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center

RF963

This study. Parent
available from
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
This study
This study
This study
This study
This study
This study

RF887

This study

RF947

Caenorhabditis Genetics
Center
Available from
Caenorhabditis Genetics
Center
This study

MT17431

Caenorhabditis Genetics
Center
Caenorhabditis Genetics
Center
This study

BA524

This study

RF976

This study

RF959

This study

RF1014

Caenorhabditis Genetics
Center
This study

CB933

VL99
VL188
GS6107
VT1673

MT13433
MT14875
RF24
RF1000
RF1028
RF889
RF1003
RF1029
RF945

MT17676

RF955

CB184
RF975

RF1098
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6.2 Strain Construction
For building multiply mutant strains, presence of miRNA deletion alleles in
F2 progeny were identified by performing PCR with primers that amplified the
genomic region flanking the deletion mutation or insertion. Sequences for primers
used for genotyping can be found in Table 6.2. Strains built with fog-1(ok91) and
fem-3(q20) alleles, which are point mutations were confirmed by sequencing. For
CRISPR-Cas9 genome editing, plasmids pJW1219 (Addgene plasmid #61250)
and pDD282 were used (Addgene plasmid #66823) (Dickinson et al., 2015;
Ward, 2015). A short guide RNA to target Cas9 to the endogenous mir-44 or mir45 locus was designed and cloned into pJW1219. A homologous recombination
template to replace the mir-45 stem loop sequence with a GFP insertion was
cloned into pDD282. Plasmids for CRISPR-Cas9 genome editing were injected
into wild-type worms and into mir-42/44 (nDf49) mutants for the mir-45 mutation.
Selectable markers were used to identify successful genome modifications based
on published protocols (Dickinson et al., 2015). Loss of mir-45 was further
confirmed by PCR and sequencing.

Table 6.2. Primer List
OLIGO NAME
Primers for mir-42/44 (nDf49): AA1477
gagcccgtttctatgggc
Primers for mir-42/44 (nDf49): AA1453
CCTCAACTAAACAAAGAGCG
Primers for mir-42/44 (nDf49): AA23
aacttacccttccaaaaccg
Primers for mir-61/250 (nDf59): AA1103
attcccctcatatactctcgttttc

IDENTIFIER
Forward Primer for
nDf49
Reverse Primer for
nDf49
Reverse Primer for
nDf49, amplifying WT
Forward Primer for
nDf59
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Primers for mir-61/250 (nDf59): AA1104
gttctgtccccttattctgctactc
Primers for mir-61/250 (nDf59): AA1105
AAGATGTTGCTGGTATTTCTTGTTC
Primers for mir-247(n4505): AA697
AAGATGTTTTCTTTTCCACTACCAGT
Primers for mir-247(n4505): AA698
ATTTGAATTTCTCTCCTGACTCTGTT
Primers for mir-247(n4505): AA699
AATTCAAAACAACACCTGTGAATATG
Primers for mir-45 (xw8 or xw11): AA1494
TTGTGTCCGTTGACGTCTCC
Primers for mir-45 (xw8 or xw11): AA1527
caatttgccgaacgccattc
Primers for mir-45 (xw8 or xw11): AA1528
AGACACATGGAATCGCCTCC
Primers for mir-45 (n4280): AA684
ggaagttatcgatttgtcagatgatgatg
Primers for mir-45 (n4280): AA685
tacatctattttgaaaagcaagcaaattc
Primers for mir-45 (n4280): AA686
aattttcaaactaacctcttctctcttg
Primers for mir-44 (xw6): AA1477
Primers for mir-44 (xw6): AA1494
TTGTGTCCGTTGACGTCTCC
Primers for mir-44 (xw6): AA1482
gagcaaacatccaccgaaat
Primers for mir-44 (xw6): AA1495
TtttcagGGAGCCGGATCTG
Primers for fbf-1(ok91): AA1598
gtcaacgagaggaaatcttcg
Primers for fbf-1(ok91): AA1599 ccagtggccataatcgtgtg
Primers for fbf-1(ok91): AA1600 tagtttctgcgagcacacac
Primers for fog-1 (q785): AA1601
ttgggccaccgaagtttagg
Primers for fog-1 (q785): AA1602 ctcggcgcgatctccaattt
Primers for fog-1 (q785): AA1603
CGAACGAGCCAAAGTGATGGC
Primers for qSi140: AA1604 cttggtgtccggctttaaatc

Reverse Primer for
nDf59
Reverse Primer for
nDf59, amplifying WT
Forward Primer for
n4505
Reverse Primer for
n4505
Reverse Primer for
n4505, amplifying WT
Reverse GFP Primer
mir-45 genotyping 5',
685bp with AA1494
(GFP insert)
mir-45 genotyping 3',
800bp with AA1527
(WT)
Forward Primer for
n4280
Reverse Primer for
n4280
Reverse Primer for
n4280, amplifying WT
mir-44 genotyping
Forward Primer
Reverse GFP Primer
3' primer for CRISPR
mir-44 deletion
pDD282 flag/intron
primer
Forward Primer for
ok91
Reverse Primer for
ok91
Reverse Primer for
ok91, amplifying WT
Forward Primer for
q785
Reverse Primer for
q785
Reverse Primer for
q785, amplify WT
Forward Primer for
qSi140
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Primers for qSi140: AA1605 cgcccgaactgttagtcctc

Reverse Primer for
qSi140
Primers for qSi140: AA1606 tgatgcaagatgcataagcag
Reverse Primer for
qSi140, amplifying
outside of insertion
Primers for fem-3(q20): AA1663
Forward Primer for
CGATCGCCATTGGATCCTAC
sequencing q20
Primers for fem-3(q20): AA1664
Forward Primer for
GCCATTTCGCAGCTGTCAGA
sequencing q20
Primers for fog-1(ok91): AA1667
Forward Primer for
TACAGTTACAAATTTCGCCG
sequencing ok91
Primers for fog-1(ok91): AA1668
Forward Primer for
GTGGGTTTTTTGTAGTTCGG
sequencing ok91
Primers for mir-44 CRISPR 3' arm: AA1485
Forward Primer for 3'
CGTGATTACAAGGATGACGATGACAAGAGAgcctgct Arm mir-44
tctctagttttgaatttttc
Primers for mir-44 CRISPR 3' arm: AA1486
Reverse Primer for 3'
tcacacaggaaacagctatgaccatgttattacagaatagccttagactgt Arm mir-44
cgtg
Primers for mir-44 CRISPR 5' arm: AA1483
Forward Primer for 5'
acgttgtaaaacgacggccagtcgccggcaatgggctgaaattgaaatt Arm mir-44
aggagc
Primers for mir-44 CRISPR 5' arm: AA1484
Reverse Primer for 5'
Arm mir-44
TCCAGTGAACAATTCTTCTCCTTTACTCATACTCA
GCATCGCCCGCGACAGCAAGTAAAC
Primers for mir-45 CRISPR 3' arm: AA1489
Forward Primer for 3'
CGTGATTACAAGGATGACGATGACAAGAGAggcgcc Arm mir-45
gaatgcattttatttttaa
Primers for mir-45 CRISPR 3' arm: AA1490
Reverse Primer for 3'
tcacacaggaaacagctatgaccatgttatctcccccaaatcatcccgtat Arm mir-45
atta
Primers for mir-45 CRISPR 5' arm: AA1487
Forward Primer for 5'
acgttgtaaaacgacggccagtcgccggcacctggtttgatctacgtttga Arm mir-45
gaag
Primers for mir-45 CRISPR 5' arm: AA1501
Reverse Primer for 5'
CGTGATTACAAGGATGACGATGACAAGAGAcaaagc Arm mir-45
aaggactatgTctaCagacac

6.3 Synchronization
Worms were synchronized as described in (Stiernagle, 2006).
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6.4 Microscopy
Nomarski DIC and epifluorescence microscopy was completed using a
Nikon 80i compound microscope. Representative images were taken using a
CoolSNAP HQ2 monochrome camera (Roper Scientific). Images were captured
with a 60x Plan Apo objective lens and analyzed using Nikon Elements software.
Germline expression images were acquired using a Nikon Inverted Microscope
Eclipse Ti-E confocal microscope at 60x.

6.5 Antibody Staining
MAPK Staining: Young adult worms were dissected to release gonad arms, fixed,
and blocked (Gervaise and Arur, 2016). The antibody MAPK-YT (dpERK, Sigma)
was used at 1:400 dilution to detect diphosphorylated MAPK using indirect
immunofluorescence. Dissected gonads were then incubated with Alexa Fluor
555 goat anti-mouse (Fisher) secondary antibody. Nomarski DIC and
epifluorescence microscopy was completed using a Nikon 80i compound
microscope. Images were taken using a CoolSNAP HQ2 monochrome camera
(Roper Scientific). Images were captured with a 60x Plan Apo objective lens and
analyzed using Nikon Elements software. Analysis of fluorescence was done by
comparing germline regions using 500 ms exposures to compare fluorescence
intensity relative to the background fluorescence using Nikon Elements. Germline
regions (mitotic, transition, pachytene, proximal oocytes) were determined based
on DAPI staining.
FOG-1, GFP, and SPE-44 expression: worms were synchronized and then
picked as L2m, L3m, or L4m and transferred to a new plate until the indicated
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time. The worms were then dissected, freeze cracked, fixed with 3%
paraformaldehyde in potassium phosphate buffer and blocked with 3% Normal
Goat Serum (Crittenden and Kimble, 2006; Gervaise and Arur, 2016).The
antibody 9E10 Anti-Myc (Santa Cruz Biotechnology) was used at 1:50 dilution to
detect qSi140 [3xMyc::fog-1] in a fog-1(q785) background and then detected with
Alexa Fluor 555 goat anti-mouse (Fisher) secondary antibody. The antibody for
SPE-44 (Gift from Harold Smith (Kulkarni et al., 2012) was used at a 1:100
dilution to detect SPE-44 and then detected with Alexa Fluor 488 donkey antirabbit (Invitrogen, A-21206). The rabbit anti-GFP antibody (Novus) and Alexa
Fluor 488 donkey anti-rabbit (Invitrogen) was used to detect GFP in mir44(xw6[gfp^3xFlag]) II and mir-45(xw8[gfp^3xFlag]) II worms.

6.6 Assessment of Pmir-44::gfp family expression
Worm strains expressing transgenes with microRNA promoters driving GFP
expression were obtained from the Caenorhabditis Genetics Center (Martinez et
al., 2008a). GFP expression was examined using fluorescence microscopy using
a Nikon 80i compound microscope. We examined at least 10 L4s and 10 adults
and took representative images using CoolSNAP HQ2 monochrome camera
(Roper Scientific). Images were captured and analyzed using Nikon Elements
software.

6.7 Hermaphrodite Phenotypic Assays
Brood size and unfertilized oocytes: To assess hermaphrodite fertility, an
individual L4 was placed on a seeded plate and transferred to a new plate every
24 hours for four days. All larval progeny were counted post-hatching to
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determine brood size. Unfertilized oocytes were determined in either a defined
time period or in a lifetime unfertilized oocyte assay. The total number of
unfertilized oocytes, embryos, and live progeny were counted for individual
hermaphrodites. Percent Unfertilized Oocytes = [(total # unfertilized
oocytes)/(total # fertilized embryos + hatched worms + unfertilized oocytes)]
*100. Total number of ovulation events is the sum of all live progeny, embryos,
and unfertilized oocytes a hermaphrodite produces during its reproductive
lifetime. To assess the formation of unfertilized oocytes after mating with male
sperm, one hermaphrodite was placed with one oxTi302 [eft-3p::mCherry::tbb-2
3'UTR + Cbr-unc-119(+)] I; him-8(e1489) IV male for 24 hours and allowed to
mate. Any hermaphrodites that produced RFP positive progeny were scored by
counting the number of unfertilized oocytes produced.

Bagging and Bursting at the vulva: To determine the penetrance of a bagging
phenotype (internally hatching), 20 L4 hermaphrodites were placed on an NGM
plate, each day surviving worms were transferred and the number of bagged
worms were counted each day for three days.

Embryonic lethality: Embryonic lethality was quantified by transferring embryos
to a seeded NGM plate and counting the number of unhatched embryos 24 hours
later. Percent embryonic lethality refers to the number of unhatched embryos.

Ovulation rate: Oocyte maturation rates were determined by counting the
number of fertilized oocytes in a 3 hour time period (McCarter et al., 1999b). To
test the effect of exogenous male sperm on ovulation rate, L4-stage
hermaphrodites and L4-stage males (expressing the him-8; his-72::gfp
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transgene) were placed together in a 1:5 ratio onto a seeded NGM plate
overnight. After, the maturation rate for 3 hours was calculated. Hermaphrodites
were then examined for the presence of GFP sperm to confirm successful mating
and transfer of sperm.

Sperm quantification: Sperm was quantified using the his-72::gfp transgene as
described in (Huang et al., 2012). Sperm quantification for the strains containing
the fem-3(q20) allele, young adults prior to first ovulation event were frozen in
methanol at -20°C for at least one hour, washed, placed on a cover slip, with 2µL
of Vectashield with DAPI and then smashed on a slide and counted similarly to
the his-72::gfp sperm counting.

Assessment of sperm-oocyte switch: Hermaphrodites were analyzed at 3.75
hours post L4 molt at 25°C, five hours post L4 molt at 20°C, and 7.5 hours post
L4 molt at 15°C based on the growth parameters by (Byerly et al., 1976). The
presence of oocytes and number of embryos were counted for at least 15 worms
per strain.

Mog phenotype: Mog phenotype was assesses as discussed in (Barton et al.,
1987), single L4 hermaphrodites were scored for the presence of any embryos
on plate. After three days, any worms that did not produce embryos were
categorized as Mog.

Seminal Fluid Transfer: BA524 fer-1(hc1ts); him-5(e1490) males produce nonfunctional sperm when raised at 25°C. Seminal fluid transfer was analyzed as
described in (Smith and Stanfield, 2011) using upshifted fer-1(hc1ts) males and
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dpy-13(e184) hermaphrodites. Upshifted fer-1(hc1ts) males transfer functional
seminal fluid with non-functional sperm.

Egg Retention: Worms were scored at L4 molt +24 hours by dissecting into M9
and then counting the number of embryos contained in the uterus.

6.8 Male Phenotypic Assays
Sperm Transfer and Migration: Sperm transfer and migration were observed as
previously described (Edmonds et al., 2010; Hansen et al., 2015; Kubagawa et
al., 2006) Young adult stage hermaphrodites were anesthetized with 0.1%
tricaine and 0.01% tetramisole in M9 until their movement slowed (~20 minutes).
6 hermaphrodites were then moved to an NGM mating plate with 25 him-8; his72::gfp or mir-44/45; him-6; his-72::gfp males for 30 minutes where they were
able to mate. Worms were recorded using video microscopy to identify
hermaphrodites that had interacted with male. To assess number of sperm
transferred, hermaphrodites were placed in a drop of sperm buffer on a coverslip.
When coverslips were placed on slides, the worms were crushed such that GFP
sperm were released and easily counted as in sperm quantification (Huang et al.,
2012). To assess migration to the spermatheca, hermaphrodites were transferred
to individual plates after mating and kept for one hour to allow sperm to migrate
to the spermatheca. Following this, they were mounted for microscopy on 2%
agarose pads and the location of sperm was scored for proximity to spermatheca
as described previously (Edmonds et al., 2010).
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Male Morphology: Young adult males were anesthetized with 1mM Levamisole
and then imaged. Both the number of rays and spicule morphology were
assessed.

Mating Assay: To measure male fertility, L4-stage males were crossed in a 1:1
ratio with unc-17(e245) hermaphrodites for 24 hours. Males were then removed,
and hermaphrodites were transferred every 24 hours until egg laying ceased.
Progeny were then scored as either uncoordinated (self progeny) or nonuncoordinated (cross progeny). To test if mir-44/45 male sperm was competent
to fertilize oocytes, fem-1(hc17) hermaphrodites, which do not produce
endogenous sperm at their restrictive temperature were used (Xu and Sternberg,
2003). Upshifted fem-1 hermaphrodites were mated in the same method as the
unc-17 mating assay and the number of progeny was counted(Xu and Sternberg,
2003). Hermaphrodite mating fertility was assessed by crossing L4-stage males
expressing RFP (oxTi302[eft-3p::mCherry::tbb-2 3'UTR + Cbr-unc-119(+)]); him8(e1489) in a 1:1 ratio with hermaphrodites for 24 hours. Males were removed,
and hermaphrodites were then transferred every 24 hours until egg laying
ceased. Progeny were examined to see if any were RFP positive, to indicate that
mating occurred, and the number of progeny and unfertilized oocytes was
counted.

Sperm Quantification: Sperm were quantified using the his-72::gfp transgene
as described for males in (Huang et al., 2012).
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Turning Assay: Turning was scored as described in (Loer and Kenyon, 1993).
Male behavior was assessed if males made any contact within 10 minutes of
being placed on the plate together.

Sperm Activation: Sperm were activated in vitro as described previously
(Shakes and Ward, 1989). To quantify activation, sperm were scored for the
presence of a pseudopod at ten minutes after adding 200 mg/ml pronase
(Sigma) or 5 mM ZnSO4 (Liu et al., 2013) in sperm buffer. Each trial was done
with sperm buffer only controls. Only trials that had no activation in the sperm
buffer only controls were scored for in the presence of activators. This controls
for any spurious activation due to the makeup of the sperm buffer.

Sperm Size: Sperm were measured after being dissected in sperm buffer as
previously described using a Nikon 80i compound microscope. images were
taken using a CoolSNAP HQ2 monochrome camera (Roper Scientific). Images
were captured with a 60x Plan Apo objective lens and analyzed using Nikon
Elements software measurement tool (Hansen et al., 2015).

6.9 Gene Ontology analysis of computationally predicted targets
Computationally predicted targets of the mir-44 family were identified using
Target Scan Worm 6.2, any terms with a probability of conserved targeting (PcT,
(Friedman et al., 2008) of >0.1 were then cross referenced with germline
expressed genes from (Tzur et al., 2018). DAVID 6.8 was then used to identify
significantly overrepresented functional annotations (Huang et al., 2008) with an
EASE score p-value of >0.05.
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6.10 Quantification and Statistical Analysis
One-way ANOVA followed by either a Tukey post hoc test or Dunnett’s multiple
comparisons were performed in Graphpad Prism version 8.0.2 unless otherwise
noted in the figure legend.
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Appendix A: Computationally predicted hermaphrodite mir-44 family germline expressed target genes.

> 0.99

WormBase
Gene ID
WBGene00000110

Public
Name
alh-4

> 0.99

WBGene00000156

apr-1
C03A3.
2
rskn-2

PcT

> 0.99
WBGene00007267
0.98 WBGene00008311

0.97 WBGene00006763
0.97 WBGene00013694

unc-26
Y106G
6A.1

Sequence
Concise Description
Name
T05H4.13 N.A.
The apr-1 gene encodes an ortholog of human APC (OMIM:175100,
mutated in familial adenomatous polyposis) that is required for germline
fertility, the control of homeodomain expression (CEH-13 and LIN-39)
during embryogenesis and vulval development, and for the migration and
elongation of hypodermal cells during embryo morphogenesis\; APR-1 is
thought to reside in adherens junctions, while also stimulating two betacatenins in Wnt signalling (HMP-2 in migrating epithelial cells, and BAR-1
in the vulval precursor cells)\; however, APR-1 also binds PRY-1\/axin, and
with PRY-1 inhibits RAS-independent Wnt induction of LIN-39\; APR-1
along with MOM-5\/Frizzled receptor and GSK-3 kinase is also required for
the engulfment of apoptotic cells and migration of the distal tip cell in the
gonad, indicating that Wnt signaling can regulate cytoskeletal
rearrangements via CED-10\/RAC\; phosphorylated APR-1 binds CED2\/CrkII in yeast two hybrid screens, this binding and genetic studies
suggest that APR-1 and MOM-5 activate the CED-2\/5\/12 branch of the
engulfment pathway.
K04G2.8
C03A3.2
C54G4.1

JC8.10
Y106G6A.
1

N.A.
N.A.
unc-26 encodes synaptojanin, a polyphosphoinositide phosphatase
orthologous to human synaptojanin 1 (OMIM:604297, 309000, which when
mutated leads to Lowe oculocerebrorenal syndrome)\; UNC-26 is required
for normal locomotion, pharyngeal pumping, and defecation, and
specifically, appears to function in multiple steps of synaptic vesicle
recycling\; UNC-26 may also play a role in cytoskeletal organization.
N.A.
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0.97 WBGene00015942

osta-2

C18A3.4

0.97 WBGene00016384
0.97 WBGene00017931

cdgs-1
picc-1

C33H5.18
F29G9.2

0.97 WBGene00019504

K07H8.
2

0.97 WBGene00022251

blos-2

K07H8.2
Y73B6BL.
30

0.96 WBGene00001559

gei-1

F45H7.2

0.96 WBGene00002036
0.96 WBGene00004680

hum-2
rars-2
F13E9.
1
F39H2.
3
osta-3

F36D4.3
C29H12.1

N.A.
gei-1 encodes a protein containing a RhoGAP domain and a START
(StAR-related lipid-transfer) domain and interacts with GEX-2 in yeast twohybrid assays.
hum-2 encodes a class V unconventional myosin similar to human MYO5A,
MYO5B and MYO5C.
N.A.

F13E9.1

N.A.

F39H2.3
W01D2.5
Y105E8B.
4

N.A.
N.A.

0.96 WBGene00008750
0.96 WBGene00009563
0.96 WBGene00012182
0.96 WBGene00013689
0.96 WBGene00015328
0.96 WBGene00016614

bath-40
C02B1
0.3
trpp-12

C02B10.3
C43H6.1

N.A.
C33H5.18 encodes a CDP-diglyceride synthetase ortholog required for
locomotion and osmoregulation\; given its biochemical function in other
organisms, C33H5.18 is expected to catalyse synthesis of cytidine
diphosphate-diacylglycerol (CDP-DAG), an activated precursor for anionic
and zwitterionic phospholipids, and is likely to regulate phosphatidylinositol
lipid signalling\; one might expect loss of C33H5.18 function to be lethal,
but its deficiency may be supplemented by lipids in food.
N.A.
K07H8.2 encodes, by alternative splicing, three isoforms of an ortholog of
human SLC41A1 (OMIM:610801) and bacterial MgtE\; like its orthologs,
K07H8.2 is predicted to transport Mg(2+) into cells\; K07H8.2 is paralogous
to ZK185.2 and ZK1053.6\; K07H8.2 is expressed in intestine, but has no
obvious function in mass RNAi assays.

N.A.
C02B10.3 encodes a predicted secreted protein containing EGF-like
repeats.
N.A.
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0.96 WBGene00020867

shc-2

T27F7.2

0.96 WBGene00021834
0.96 WBGene00022776

mab-31
perm-3

Y54E10A.
16
ZK616.6

0.96 WBGene00044094

fitm-2

ZK265.9

0.95 WBGene00000566

cnt-2

Y39A1A.1
5

0.95 WBGene00001453

flp-10

T06C10.4

0.95 WBGene00001679

gpb-1

F13D12.7

T27F7.2 encodes three proteins by multiple splicing, two of which
(T27F7.2A-B) are fully orthologous to vertebrate Shc proteins (e.g.,
p52\/p46SHC and p66SHC)\; like their orthologs, T27F7.2A-B have a PTB
and an SH2 domain in N- to C-terminal order\; T27F7.2 is expressed in
gastrulating embryos (probably in neural precursors)\; T27F7.2 might be
involved in RAS signal transduction or regulation of apoptosis.
mab-31 encodes a novel protein that is highly conserved amongst
nematodes\; mab-31 functions in the TGF-beta signaling pathway to
regulate the male tail ray patterning process, specifically the positioning of
the R7-derived ray cell cluster\; a mab-31::gfp reporter is expressed in a
wide variety of tissues, including the intestine, hypodermis, pharynx, and
neuronal support cells\; in males, mab-31::gfp is also seen in the ray
structural cells\; a MAB-31::GFP localizes to the nucleus.
N.A.
fitm-2 encodes an ortholog of FIT1 and FIT2, membrane proteins of the
endoplasmic reticulum that both induce, and are required for, lipid droplet
accumulation\; more distantly, FITM-2 is orthologous to budding yeast
Scs3p and Yft2p.
cnt-2 encodes an Arf GTPase-activating protein (GAP) of the AGAP
family\; cnt-2 is required for asymmetric cell divisions\; genetic analyses
suggest that cnt-2 influences asymmetric cell divisions through regulation
of receptor-mediated endocytosis and regulation of actomyosin dynamics
at the cell cortex.
flp-10 encodes a FMRFamide-related neuropeptide\; in males, flp-10
activity is required for a sensory transduction pathway that negatively
regulates the frequency of certain substeps of turning behavior during
mating\; a flp-10::gfp reporter is expressed in a number of neurons
including AIM, ASI, AUA, BAG, BDU, DVB, PQR, PVR, and URX, and in
the vulD cells.
gpb-1 encodes a heterotrimeric G protein beta subunit that is required
during embryonic development for the proper orientation of the mitotic
spindle during early cell divisions and thus affects the orientation of early
cell division axes, and is also required for larval viability, negatively
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0.95 WBGene00004078

pos-1

F52E1.1

0.95 WBGene00004147

larp-5

T12F5.5

0.95 WBGene00004286

rab-39

D2013.1

regulates locomotion and egg-laying, and may affect germline development
and osmotic balance\; expressed in early embryos with highest expression
at cell membranes and colocalizes with asters just before and during early
cell divisions (this localization is dependent upon G alpha subunits)\; adults
display high levels of expression in neurons with lower expression in the
somatic gonad, vulva, and hypodermal seam cells and expression is also
detected in the intestine, pharynx, body wall muscles and in the germline.
pos-1 encodes a CCCH-type zinc-finger protein\; during embryogenesis,
maternally provided POS-1 is essential for proper fate specification of germ
cells, intestine, pharynx, and hypodermis\; POS-1's role in cell fate
specification is likely as a translational regulator, as POS-1 is required, in
posterior blastomeres, for positive regulation of apx-1 mRNA translation
and negative regulation of glp-1 mRNA translation via direct binding to the
spatial control region (SCR) in the glp-1 mRNA 3' UTR\; in regulating
mRNA translation, POS-1 interacts with SPN-4, an RNP-type RNA binding
protein, that may function to negatively regulate POS-1 activity\; POS-1 can
also bind the mex-6 3'-UTR in vitro, although expression of a MEX-6
reporter fusion protein does not appear to be affected in pos-1 mutant
animals\; pos-1 mRNA is first detected in the gonads of L4 and adult
animals, and is present uniformly in oocytes and newly fertilized embryos\;
during early embryonic divisions, pos-1 mRNA is present at higher levels in
germline blastomeres until it disappears following the division of P4\; POS1 protein is first apparent at low levels in 1-cell embryos, with subsequent
expression mirroring that of pos-1 mRNA: high levels in germline
blastomeres until its disappearance after the P4 division\; in the germline
blastomeres P1, P2, P3, and P4, POS-1 colocalizes with cytoplasmic and
perinuclear P granules.
larp-5 encodes an La-related protein containing an La RNA-binding motif
and a conserved LARP5 domain\; LARP-5 is most closely related to the
Larp5 family of metazoan-specific La proteins that includes human and
mouse Larp5 as well as Drosophila melanogaster CG11505.
rab-39 encodes a small, monomeric Rab GTPase that is most closely
related to the human and Drosophila Rab39 GTPases\; by homology, RAB-
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0.95 WBGene00006478

tag-131

H38K22.3

0.95 WBGene00015404

nstp-4

C03H5.2

0.95 WBGene00017676

C14B9.
8
F21F3.
7

0.95 WBGene00020094

wip-1

0.95 WBGene00015754

C14B9.8
F21F3.7

R144.4

39 is predicted to function as a membrane-associated GTPase required for
intracellular vesicular trafficking and for regulation of endo- and exocytosis\;
however, as loss of rab-39 function via RNA-mediated interference (RNAi)
does not result in any obvious abnormalities, the precise role of RAB-39 in
C. elegans development and\/or behavior is not yet known.
N.A.
nstp-4 encodes a transporter of UDP-N-acetylglucosamine (UDP-GlcNAc)
and UDP-N-acetylgalactosamine (UDP-GalNAc), orthologous to human
SLC35A3 (OMIM:605632)\; NSTP-4 is redundantly required, with its
paralog SRF-3, for normal progression of oocytes through proximal
gonads and for normal gonad morphology\; nstp-4 is expressed in many
tissues, including pharynx, intestine, pharyngeal gland cells, seam cells,
spermatheca, vulva, various muscles, hypodermis, and neurons\; NSTP-4
transports both UDP-GlcNAc and UDP-GalNAc independently and
simultaneously, with these two molecules neither competing with one
another nor being transported as a heterodimer\; NSTP-4's two transport
activities are genetically separable, since an internally deleted version of
NSTP-4 (lacking only 16 residues) retains normal levels of UDP-GlcNAc
transport while losing 85-90\% of its UDP-GalNAc transport activity\; NSTP4's activity has been experimentally validated through heterologous
expression in budding yeast Golgi apparatus, and mutation of NSTP-4 in
conserved residues greatly reduces this activity.
C14B9.8 is orthologous to the human gene PHOSPHORYLASE KINASE,
LIVER, ALPHA-2 SUBUNIT (PHKA2\; OMIM:306000), which when mutated
leads to liver glycogenosis.
N.A.
wip-1 encodes the C. elegans ortholog of WASP-interacting protein\; wip-1
is required for embryonic morphogenesis, specifically ventral enclosure\;
WIP-1 is predicted to bind G-actin and in a yeast two-hybrid assay WIP-1
physically interacts with WSP-1, the C. elegans WASP ortholog\; WIP-1
and WSP-1 are mutually required for normal protein levels\; WIP-1 is
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broadly expressed in the embryo and is found in migrating hypodermal
cells during ventral enclosure.

0.94 WBGene00007622

C45G3.
3
kcc-1
C16C1
0.1

0.94 WBGene00009552

piki-1

F39B1.1

0.94 WBGene00011481
0.93 WBGene00015327

imp-2
snpn-1

T05E11.5
C02B10.2

0.92 WBGene00003228
0.92 WBGene00004282

mex-1
rab-30

W03C9.7
Y45F3A.2

unc-33
kin-4

Y37E11C.
1
C10C6.1

0.94 WBGene00001590
0.94 WBGene00006504

0.92 WBGene00006769
0.91 WBGene00002192

C45G3.3
R13A1.2

N.A.
N.A.

C16C10.1

N.A.
piki-1 encodes a class II phosphatidylinositol 3-kinase (PI3K)\; piki-1
functions redundantly with vps-34 to regulate apoptotic cell clearance
presumably through regulation of PtdIns(3)P levels.
N.A.
N.A.
mex-1 encodes a CCCH-type zinc-finger protein that is required maternally
for segregation of P granules, germ cell formation, and somatic cell
differentiation in the early embryo\; MEX-1 is expressed cytoplasmically in
germ line blastomeres, is a component of P granules, and is required for
restricting PIE-1 expression and function to these cells\; mex-1 mRNA
transcripts are also transiently associated with P granules.
rab-30 encodes a rab related protein of the Ras GTPase superfamily.
unc-33 encodes a conserved member of the CRMP\/TOAD\/Ulip\/DRP
family of proteins that includes mammalian CRMP-2 (Collapsin response
mediator protein-2), which is essential for axon guidance and
axonogenesis\; in C. elegans, unc-33 activity is required for several
biological processes including outgrowth and guidance of sensory, motor,
and interneurons, sex myoblast migration, normal body movement and
morphology, egg laying, and defecation\; by homology to CRMP-2, UNC-33
is predicted to bind tubulin heterodimers and promote microtubule
assembly, thereby regulating the extension and branching of cellular
projections during neuronal polarization\; UNC-33 is reportedly expressed
exclusively in axonal processes from after early embryogenesis through
larval and adult stages.
N.A.
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0.91 WBGene00004775
0.91 WBGene00006780

Y47G6A.1
1-Sep 2
unc-44 B0350.2

0.91 WBGene00006887

vav-1

C35B8.2

sep-1 encodes the C. elegans ortholog of separase, a cysteine protease
first discovered in yeast, as Esp1, that cleaves sister chromatids at their
centromeres during anaphase by proteolyzing the Scc1 subunit of cohesin\;
in mitotically dividing C. elegans embryos, SEP-1 activity is required for a
number of cell cycle events including sister chromatid separation and
membrane trafficking, specifically the incorporation of RAB-11-positive
vesicles into the plasma membrane, during cytokinesis\; during meiosis,
SEP-1 also plays a role in polar body extrusion and vesicle trafficking, by
regulating cortical vesicle exocytosis during anaphase I and thus, eggshell
formation\; SEP-1 subcellular localization is dynamic\; in oocytes, during
maturation, SEP-1 localizes to homologous chromosomes and to cortical
filaments\; localization to filaments occurs up to anaphase onset when
SEP-1 accumulation is found on cortical vesicles until anaphase I and at
the cortex near the polar body\; in mitotically dividing embryonic cells, SEP1 localizes to centrosomes and chromosomes before spreading to the
anaphase spindle, and then appearing on the ingressing cleavage furrow
and midbody during cytokinesis\; SEP-1 interacts with IFY-1, a C. elegans
securin homolog, also required for proper chromosome segregation and
cytokinesis.
N.A.
vav-1 encodes a Rho\/Rac-family guanine nucleotide exchange factor
orthologous to the Vav proto-oncogene\; VAV-1 is a complex protein with
several domains, from N- to C-terminus: a calponin-like actin-binding
domain\; a RhoGEF\/DH domain\; a pleckstrin-like domain\; a SH2 motif
domain\; and an SH3 domain\; in C. elegans vav-1 is an essential gene
and functions to regulate the concentration of intracellular calcium and
thus, plays a key role in regulating rhythmic behaviors such as pharyngeal
pumping, ovulation, and defecation\; in addition, vav-1 has been shown to
be a target of the mir-61 miRNA in the secondary vulval precursor cells,
where it functions to negatively regulate LIN-12 activity\; VAV-1::GFP
reporters are expressed in the pharynx, the contractile sheath cells of the
gonad, the four posterior-most intestinal cells, and the three rectal epithelial
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0.91 WBGene00009812
0.91 WBGene00010307

suca-1
skat-1
W02B1
2.11
F53B1.
8
slc25A10
tag-321

F53B1.8

N.A.

K11G12.5
C33H5.19

ced-5

C02F4.1

0.89 WBGene00021854

gly-13
vps-8
Y54F10
AR.1

B0416.6
C42C1.4
Y54F10A
R.1

N.A.
N.A.
ced-5 encodes a homolog of the human protein DOCK180\; ced-5 is
required for the cell engulfment stage of programmed cell death, and
physically interacts with CED-2.
gly-13 encodes an experimentally verified UDP-N-acetylglucosamine
alpha-3-D-mannoside beta-1,2-N-acetylglucosaminyltransferase I (GnT I),
that is the primary GnT I enzyme in vivo, and that can act on unusual
substrates\; gly-13 is expressed throughout development in many cell
types\; a deletion allele of gly-13 is partially lethal with survivors displaying
severe morphological and behavioral defects.
N.A.

0.88 WBGene00001025

dnj-7

C55B6.2

0.88 WBGene00006794

unc-60

C38C3.5

0.91 WBGene00012206
0.91 WBGene00018739
0.91 WBGene00019656
0.91 WBGene00044325

0.9 WBGene00000419

0.89 WBGene00001638
0.89 WBGene00016582

F47B10.1
F59B2.2
W02B12.1
1

cells\; VAV-1::GFP is also seen in the distal gonad, body wall muscle, and
in the vulval precursor cells and their descendants.
N.A.
N.A.
N.A.

N.A.
dnj-7 encodes a protein containing a DnaJ domain that is orthologous to
vertebrate P58IPK\/DNAJC3, peripheral membrane proteins of the rough
endoplasmic reticulum (ER) that function in co-translocational ER protein
degradation during ER stress\; in C. elegans, loss of dnj-7 activity via RNAi
results in increased expression of an hsp-4::gfp (BiP) stress-inducible
reporter fusion, suggesting that dnj-7 functions to regulate ER
homeostasis.
unc-60 encodes two, tissue-specific isoforms of actin depolymerizing
factor(ADF)\/cofilin, actin-binding proteins that regulate actin filament
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dynamics\; one UNC-60 isoform, UNC-60A, primarily binds G-actin,
depolymerizes actin filaments, and inhibits actin polymerization\; UNC-60A
is essential during early embryonic development for polar body extrusion,
cytokinesis, and embryonic patterning\; UNC-60B, which does not inhibit
actin polymerization, binds F- and G-actin and influences the rate of actin
polymerization by the UNC-60B:actin ratio\; UNC-60B is required for actin
filament organization in body wall muscle, locomotion, and for efficient actin
filament disassembly by UNC-78, an actin interactin protein 1 (AIP1)
ortholog\; UNC-60A and UNC-60B are differentially expressed: UNC-60A is
found in oocytes, embryos, and the adult gonad and intestine, while UNC60B is found in body wall muscle, the vulva, and spermatheca\; unc-60
transcripts undergo muscle-specific pre-mRNA processing, regulated by
the ASD-2 and SUP-12 splicing factors.
0.88 WBGene00008646

F10C2.
5

0.88 WBGene00012983

men-1

F10C2.5
Y48B6A.1
2

0.86 WBGene00006923

vhp-1

F08B1.1

0.84 WBGene00000548

clr-1

F56D1.4

0.84 WBGene00001680

gpb-2
pcyt2.1
dmd-6
Y48G9
A.9

F52A8.2

N.A.
gpb-2 encodes an ortholog of Gbeta(5), that is dispensable for viability, but
required for normal egg-laying, locomotion, and pharyngeal pumping\;
GBP-2 may regulate the interaction between the GOA-1 and EGL-30
signaling pathways based on genetic analysis\; gpb-2 is expressed
throughout development in the nervous system and in muscle, and
expression is dependent upon expression of both EAT-16 and EGL-10.

Y37E3.11
F13G11.1

N.A.
N.A.

Y48G9A.9

N.A.

0.84 WBGene00021352
0.83 WBGene00007058
0.83 WBGene00021702

N.A.
N.A.
vhp-1 encodes a MAP kinase phosphatase (MKP)\; VHP-1 activity is
required for regulation of the KGB-1\/JNK-like MAPK-mediated stress
response pathway.
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0.82 WBGene00000183

arf-3

F57H12.1

0.82 WBGene00001648

goa-1

C26C6.2

0.82 WBGene00006757

unc-18
F22D6.
2
C25H3.
8

F27D9.1

arf-3 encodes a member of the ADP-ribosylation factor related protein
family\; likely expressed in touch receptors and regulated by MEC-3.
goa-1 encodes an ortholog of the heterotrimeric G protein alpha subunit Go
(Go\/Gi class)\; GOA-1 activity is required for regulation of a number of
behaviors, including locomotion, egg-laying, male mating, and olfactorymediated behaviors\; GOA-1 activity is also required for asymmetric cell
division in the early embryo\; goa-1 genetically interacts with the egl-30
pathway, and is expressed in all neurons and sex-specific muscles\; GOA1 physically interacts with RIC-8 and AGS-3, and its activity is modulated
by RIC-8 and RGS-7 in in vitro assays.
unc-18 encodes the C. elegans ortholog of Saccharomyces cervisiae SEC1
and mammalian Munc18 proteins\; UNC-18 function as a chaperone for
UNC-64\/syntaxin, ensuring its anterograde transport from the endoplasmic
reticulum to the plasma membrane\; UNC-18 also enables the docking of
vesicles to synaptic regions before vesicle priming and fusion, and
promotes synaptic vesicle exocytosis\; UNC-18 may also inhibit excessive
exocytosis\; UNC-18 is expressed in ventral cord motor neurons.

F22D6.2

N.A.

N.A.

EEED8.10

N.A.
This gene encodes a protein containing an F-box, a motif predicted to
mediate protein-protein interactions either with homologs of yeast Skp-1p
or with other proteins.

C01B10.9
C10G11.7

N.A.
N.A.

K02D10.4
ZK1127.9
C26E6.5

N.A.
N.A.
N.A.

0.82 WBGene00009050
0.82 WBGene00016117

0.82 WBGene00017138
0.81 WBGene00015283
0.81 WBGene00015687
0.81 WBGene00019304
0.81 WBGene00022855
0.8 WBGene00001499

EEED8
.10
C01B1
0.9
chdp-1
K02D1
0.4
tcer-1
fsn-1
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0.8 WBGene00012934

Y47D3A.2
3

gly-9
ZK652.
6

ZK652.6

0.79 WBGene00000516

cki-1

T05A6.1

0.79 WBGene00002074
0.79 WBGene00007860

ima-3
rilp-1

F32E10.4
C32A3.3

0.79 WBGene00015009

B0041.
5

B0041.5

0.78 WBGene00000872

cyk-1

F11H8.4

0.8 WBGene00022785

N.A.
N.A.
cki-1 encodes a homolog of the mammalian cyclin-dependent kinase
inhibitor p27\/KIP1 that is required for the arrest of cell division in larval
blast lineages, dauer larvae and starved L1 larvae\; excess CKI-1
expression prematurely stops cell division while cki-1(RNAi) induces extra
cell divisions, indicating that CKI-1 quantitatively regulates the amount of
mitosis in postembryonic worms.
ima-3 encodes one of three C. elegans importin alpha nuclear transport
factors and the importin alpha that is most similar to the alpha3-subtype\;
ima-3 activity is required throughout development: during oogenesis, ima-3
is essential for progression past pachytene of meiotic prophase I and for
proper organization of the nuclear pore complex (NPC) as well as
association of P granules with the NPC\; ima-3 is also required for normal
embryonic, larval, and germline development\; in vitro, IMA-3 can interact
with human importin beta1, suggesting that it functions in a complex with C.
elegans importin betas in vivo\; IMA-3 is expressed in males and
hermaphrodites, in both the germline and in somatic tissue\; in the
germline, IMA-3 is seen in the common cytoplasm of the rachis and in
association with the nuclear envelope of germline nuclei and the residual
body of developing spermatids.
N.A.
B0041.5 encodes a predicted transmembrane transporter that displays
similarity to members of the F5 subfamily of solute carrier family 35
(SLC35F5) proteins that function as nucleotide sugar transporters\; loss of
B0041.5 activity via RNAi results in decreased intestinal dipeptide uptake
and a slight reduction in fat droplet diameter compared to control animals\;
loss of B0041.5 activity has also been reported to affect axon guidance and
fasciculation.
cyk-1 encodes a Formin Homology protein homologous to Drosophila
diaphanous and human DIAPH1\; cyk-1 is required for embryonic
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cytokinesis and Arp2\/3-independent assembly of cortical microfilaments\;
CYK-1 physically interacts with the PFN-1 profilin\; CYK-1 is enriched
within cleavage furrows during cell division.
gob-1 encodes an experimentally confirmed trehalose-6-phosphatase,
whichbelongs to the HAD-like hydrolase superfamily\; heat-shock induction
oftransgenic ELT-2 causes ectopic expression of gob-1\; gob-1 first
hasELT-2-dependent expression in the 8E cell stage of embryonic
intestine,but later is expressed more widely\; gob-1 mutants are lethal as
earlylarvae, at least partly because of their intestines being constricted
bythe end of embryonic development, but some gob-1 mutants die even
with anopen intestine\; strong loss-of-function mutations in twotrehalose-6phosphate synthases (tps-1 and tps-2) completely suppressgob-1 lethality,
indicating that gob-1 mutant lethality is due to a toxicaccumulation of
trehalose-6-phosphate.
mdt-15 encodes, by alternative splicing, two isoforms of a Mediator subunit
orthologous to human MED15\; together with NHR-49 and SBP-1, MDT-15
is required for normal fat accumulation, for expression of fatty acid (FA)
desaturase genes (fat-5, fat-6, and fat-7), for normal levels of mono- and
polyunsaturated FAs (PUFAs), and for viability, fecundity, mobility, and
normally long lifespan\; several of these phenotypes can be at least
partially suppressed by supplying PUFAs in the food medium\; in part
through NHR-49, MDT-15 participates in basal and fasting-induced
transcription of numerous other metabolic genes, such as gei-7 and acs-2\;
independently of NHR-49 and SBP-1, MDT-15 ensures appropriate
transcriptional response and survival in response to toxins and heavy
metals by inducing select detoxification genes encoding such as cdr-1, cyp35C1, gst-5, mtl-1, mtl-2, ugt-1, ugt-8, and others\; mdt-15 is expressed at
constant levels from embryos to adulthood, in several head neurons and
intestine\; MDT-15 binds NHR-49 and NHR-64 in yeast two-hybrid assays,
and SBP-1 in GST pull-down assays.
N.A.
dkf-2 encodes one of two C. elegans novel protein kinase Ds\; dkf-2 activity
is essential for regulation of innate immunity\; a dkf-2::gfp promoter fusion
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is expressed beginning in late embryogenesis and continuing through
adulthood in the intestine and two cells in the vicinity of the posterior bulb
of the pharynx.
0.78 WBGene00012740
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N.A.
N.A.
The protein product of this gene is predicted to contain a
glutamine\/asparagine (Q\/N)-rich ('prion') domain, by the algorithm of
Michelitsch and Weissman (as of the WS77 release of WormBase, i.e., in
wormpep77).
N.A.
The protein product of this gene is predicted to contain a
glutamine\/asparagine (Q\/N)-rich ('prion') domain, by the algorithm of
Michelitsch and Weissman (as of the WS77 release of WormBase, i.e., in
wormpep77).
The F54D5.7 gene encodes an ortholog of the human gene GLUTARYLCOENZYME A DEHYDROGENASE (GCDH), which when mutated leads
to glutaricaciduria type I (OMIM:231670).
N.A.
unc-16 encodes a homolog of murine JIP3 (c-Jun N-terminal kinase (JNK)interacting protein 3) and Drosophila SUNDAY DRIVER\; unc-16 is
involved in vesicle transport and mutations affect egg laying, locomotion,
and defecation\; UNC-16 physically interacts with JNK and JNK kinases,
with the KLC-2 kinesin light chain, and the DLI-1 dynein light intermediate
chain\; UNC-16 is expressed in neurons of the ventral cord, retrovesicular
and preanal ganglia, the nerve ring, intestinal cells, seam and hypodermal
cells, body wall and head muscle, and pharynx.
N.A.
N.A.
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fli-1 encodes a protein with an N-terminal amphipathic leucine-rich region
and gelsolin repeats that is orthologous to Drosophila and human Flightless
I\; FLI-1 can interact with human Ha-Ras and human actin in vitro\; fli-1
mRNA levels are highest in embryos.
unc-108 encodes a small GTPase homologous to the Rab GTPases that
function in endocytosis, membrane fusion, and vesicular trafficking events\;
unc-108 function is required in neurons for normal locomotion\; unc-108
also functions in the removal of apoptotic cells, specifically it functions in
engulfing cells for the recruitment and fusion of the lysosome to the
phagosome\; unc-108 is expressed in neurons and in engulfing cells.
N.A.
rab-21 encodes a Rab GTPase most closely related to the Drosophila and
vertebrate Rab21 GTPases and Saccharomyces cerevisiae VPS21\; by
homology, RAB-21 is predicted to be involved in membrane
trafficking\/vesicle transport\; loss of rab-21 activity via RNAi results in 78\% embryonic lethality.
N.A.
N.A.
N.A.
atf-7 encodes a basic-region leucine zipper (bZIP) transcription factor
orthologous to members of the ATF2\/ATF7\/CREB5 family of cyclic
AMPresponse element binding (CREB)\/activating transcription factors
(ATFs)\; ATF-7 plays a key role in the innate immune response by
regulating the expression of immune genes downstream of PMK-1\/p38
MAPK\; ATF-7 is likely converted from a transcriptional repressor to a
transcriptional activator in response to phosphorylation by activated PMK-1
with which it physically interacts and serves as a substrate in heterologous
expression assays\; an ATF-7::GFP reporter fusion is expressed in the
intestine and localizes to the nucleus.
cye-1 encodes the sole C. elegans E-type cyclin\; CYE-1 is required for
progression through the mitotic cell cycle during embryonic, larval, and
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germline development\; cye-1 is also required for endoreduplication in
intestinal cells\; CYE-1 is expressed ubiquitously in nuclei during embryonic
development and postembryonically in proliferating blast cells, including
germline stem cells\; in the germline, CYE-1 levels are negatively regulated
in meiotic cells by a CUL-1, SKR-1\/2, PROM-1 SCF ubiquitin ligase.
lin-3 encodes a member of the EGF family of peptide growth factors that
affects induction of vulval development, viability, ovulation, behavioral
quiescence after stress, and male spicule development\; it acts genetically
upstream of its presumptive receptor let-23, and is expressed in multiple
locations consistent with it acting as a localized ligand\; for example, the
anchor cell of the developing gonad, which induces vulval development.
unc-53 encodes at least five large (~1200-1600 residue) proteins,
orthologous to human NAV1, NAV2\/RAINB1 (OMIM:607026), and NAV3,
and homologous to Drosophila CG10662\; UNC-53 proteins are required
for anteroposterior guidance of migrating cells, axons, and excretory cell
canals\; unc-53 mutations affect egg laying, backward locomotion, body
size, and male mating\; UNC-53 proteins vary in their N-terminal regions
but share common C-terminal sequences with a AAA-ATPase domain\; the
UNC-53 N-terminus physically interacts with ABI-1, suggesting that UNC53 may function as a scaffold to link the ARP2\/3 complex to ABI-1\; UNC53 also interacts both physically and genetically with SEM-5\; unc-53 is
expressed in those cells requiring it, suggesting that its function is cellautonomous\; overexpression of unc-53 induces excess cellular outgrowth.
mogs-1 encodes a mannosyl-oligosaccharide glucosidase (E.C. 3.2.1.106)
orthologous to the human gene A-GLUCOSIDASE I (GCS1\;
OMIM:601336), which when mutated leads to disease.
vha-14 encodes an ortholog of subunit D of the cytoplasmic (V1) domainof
vacuolar proton-translocating ATPase (V-ATPase)\; VHA-14 is apredicted
cytosolic rotor (stalk) component.
N.A.
dpy-21 encodes a novel, conserved protein with a proline-rich N terminus\;
dpy-21 affects RNA levels of X-linked dosage-compensated genes, body
length in hermaphrodites, and fertility and male tail development in males\;
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DPY-21 interacts in vivo with DPY-27 and SDC-3, members of the dosage
compensation complex, and like members of the dosage compensation
complex, is diffusely localized in nuclei of XX embryos containing <40 cells,
but then specifically localizes to X chromosomes of XX embryos with >40
cells, remaining on the X throughout development\; in XO embryos, DPY21 is dispersed throughout the nucleus in multiple foci that are not
coincident with the X chromosome\; in hermaphrodites, localization of DPY21 to the X chromosome requires activity of SDC-2, SDC-3, DPY-26, DPY27, and DPY-28\; DPY-21 is not, however, required reciprocally for the
stability or localization of these other dosage compensation proteins\; in
addition, unlike SDC-3 and other members of the dosage compensation
complex, DPY-21 is not recruited to the autosomal her-1 regulatory region,
suggesting that DPY-21 is not part of the gene-specific complex that
represses her-1 expression in hermaphrodites.
unc-76 encodes a predicted coiled-coil protein that belongs to the FEZ
(fasciculation and elongation protein\; zygin\/zeta-1) family of proteins\;
UNC-76 activity is required for normal axonal outgrowth and fasciculation
and hence, normal locomotion\; UNC-76 expression begins during
embryogenesis and is present in all axons throughout development\; UNC76 localizes to both axons and cell bodies.
N.A.
N.A.
atg-18 encodes, by alternative splicing, two isoforms of a WD40 repeatcontaining protein orthologous to the autophagic budding yeast protein
Atg18p, and to human WIPI1 (OMIM:609224) and WIPI2 (OMIM:609225)\;
ATG-18 activity is essential for normal dauer morphogenesis and
autophagy in daf-2 mutant animals\; ATG-18 is expressed in larval and
adult pharynx, bodywall muscle, hypodermis, seam cells, and neurons, and
in larval intestine\; in mass RNAi assays, ATG-18 is required for normally
rapid growth, and is weakly required for the viability of cup-5(ar465)
mutants.
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lpd-3 encodes a novel protein that is nevertheless conserved amongst
humans, mice, and Drosophila\; in C. elegans, LPD-3 activity is required for
normal lipid metabolism, as animals that have reduced lpd-3 activity as a
result of RNA-mediated gene interference (RNAi) lack lipid storage
granules in the intestine and are paler and skinnier than wild-type animals\;
lpd-3 is expressed prominently in the intestine, the major site of fat storage.
eat-3 encodes a mitochondrial dynamin family member, closely related to
bacterial dynamin-like proteins, that is orthologous to human Opa1
(OMIM:203740, mutated in autosomal dominant optic atrophy) and budding
yeast Mgm1\; eat-3 is required for proper regulation of inner mitochondrial
membrane fusion and normal mitochondrial function (oxidative
phosphorylation)\; accordingly, eat-3 is also required for normal body size,
growth rates, locomotion, and reproductive levels\; eat-3 promoter fusions
are expressed at high levels in the intestine, muscles, and neurons, with
lower levels seen in other cell types\; by similarity to its mammalian and
yeast orthologs, EAT-3 is predicted to localize to the mitochondrial
intermembrane space.
mex-6 encodes a CCCH zinc-finger protein highly similar to MEX-5 that
functions with MEX-5 to affect embryonic viability, establish soma germline
asymmetry in embryos and establish PIE-1, MEX-1, and POS-1 asymmetry
in embryos, and also affects formation of intestinal cells\; MEX-6 and MEX5 may act downstream of the PAR proteins.
nhr-66 encodes a member of the superfamily of nuclear receptors, which is
one of the most abundant class of transcriptional regulators\; nuclear
receptors have a well conserved DNA binding domain and a less
conserved C-terminal ligand binding domain\; expression studies using
GFP fusions indicate that nhr-66 is expressed in several neuronal and
nonneuronal cells\; microarray analysis indicates that expression of nhr-66
in neurons and seam cells is upregulated in response to exposure to
cholesterol.
paa-1 encodes the sole C. elegans homolog of PR65, the structural subunit
of protein phosphatase 2A (PP2A)\; paa-1 is an essential gene, required in
RNAi assays for embryonic viability, fertility, and cuticular integrity\; PAA-1
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protein physically interacts with LET-92, the PP2A catalytic subunit, and
with RSA-1, a PP2A regulatory subunit\; PAA-1 also physically interacts
with SMG-5\; PAA-1 localizes to centrosomes, the mitotic spindle, P
granules, and the nuclear envelope\; PAA-1 levels at the centrosome are
decreased in rsa-1 mutant animals.
N.A.
N.A.
cyk-3 encodes a functional ubiquitin C-terminal hydrolase required for
embryonic viability and for cellular osmotic regulation\; osmotic regulation
defects in mutants contribute at least partially to cytokinesis defects in
mutant embryos.
N.A.
maco-1 encodes a novel protein with five transmembrane domains in the
N-terminus and four coiled coil domains in the C-terminus\; maco-1 is
functionally conserved across species and is orthologous to human
macoilin (OMIM:601301)\; macoilin is involved in assembly or traffic of ion
channels or ion channel regulators\; MACO-1 is not required for
development but for appropriate regulation of neuronal activity\; both
transmembrane domains and coiled coil domains are required for
appropriate function of MACO-1\; proper function of MACO-1 is necessary
for normal thermotaxis in many neurons\; mutations in C. elegans macoilin
disrupt aggregation and are associated with multiple behavioral defects\;
MACO-1 is localized to the rough ER of neurons\; MACO-1 is also
restricted to neuronal cell bodies at embryonic developmental stages.
jamp-1 encodes the ortholog of the endoplasmic reticulum (ER) stressinducible JNK-associated membrane protein (JAMP)\; jamp-1 is involved in
the clearance of misfolded proteins, most likely by facilitating the
localization of proteasomes at the ER and promoting their activity\; JAMP-1
localizes to the endoplasmic reticulum and associates with components of
the proteasome and endoplasmic reticulum-associated degradation
system.
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vha-16 encodes an an ortholog of subunit d of the membrane-bound
(V0)domain of vacuolar proton-translocating ATPase (V-ATPase)\; VHA-16
ispredicted to mechanically anchor the V-ATPase cytosolic rotor (stalk)
tothe membrane, while also providing a hub for the V-ATPase
transmembranerotor\; vha-16 is expressed in diverse tissues (e.g.,
excretory cell,pharynx, intestine, hypodermis, and neurons).
The T16H12.5 gene encodes a protein with a meprin-associated Traf
homology (MATH) domain that may be involved in apoptosis.
nhl-2 encodes one of five C. elegans proteins that contain TRIM (tripartitecontaining motif\; RING, B-box, coiled-coil) and NHL (NCL-1, HT2A and
LIN-41) domains\; NHL-2 functions together with CGH-1 and in association
with the miRSC complex to regulate the efficacy of microRNA-target
interactions and hence, gene regulation, during postembryonic
development\; in addition, nhl-2 mutations suppress embryonic lethal
mutations in par-2, suggesting that nhl-2 also plays a role in establishing
embryonic polarity\; NHL-2 physically interacts with CGH-1 and localizes to
cytoplasmic P bodies, mRNA processing bodies.
cgh-1 encodes a putative DEAD-box RNA helicase, orthologous tobudding
yeast Dhh1p, fission yeast Ste13p, Drosophila ME31B, andhuman DDX6
(OMIM:600326)\; CGH-1 inhibits physiological apoptosis inoocytes,
keeping it down to a normal level of ~50\% in hermaphroditegonads\;
independently of apoptosis, CGH-1 is also required for spermfunction,
oocyte fertilization, and early embryonic cytokinesis\; byorthology with
budding yeast, CGH-1 is expected to enabledecapping-dependent mRNA
degradation\; CGH-1 is expressed in meioticgerm cells, oocytes, sperm,
early embryonic P granules, otherunidentified cytoplasmic foci of the gonad
core and early embryos,and the germline precursors Z2 and Z3\; cgh1(RNAi) hermaphroditeslose ~100\% of their oocytes to physiological
apoptosis\; gonadal CGH-1accumulation is suppressed by either glh-1\/4
RNAi orgld-1(q485)\;gld-2(q497) mutations, yet physiological apoptosis
(whichwould normally be elevated by loss of CGH-1) is also abnormally
lowin these genotypes\; cgh-1(RNAi) males have sterile sperm
withabnormally short pseudopods\; CGH-1 associates with CAR-1, DCAP-
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2, andCEY-2\/3\/4 in P granules and cytoplasmic particles of the
earlyembryo\; CGH-1 is required for normal CAR-1 localization in
earlyembyros, and binds CAR-1 in an RNA-dependent manner.
N.A.
uvt-2 encodes a protein that contains four EF-hand calcium binding motifs
with similarity to human calmodulin\; mRNA weakly expressed in L1
through L4 larval stages and in the adult hermaphrodite.
N.A.
tram-1 encodes the C. elegans ortholog of translocating chain-associated
membrane protein 1\; by homology, TRAM-1 is predicted to function in
translocation of protein across the endoplasmic reticulum membrane\;
TRAM-1 localizes to the rough endoplasmic reticulum (ER) as well as to
post-ER compartments such as the ciliary base.
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N.A.
lgg-2 encodes an ortholog of the autophagic budding yeast protein
Atg8p\;LGG-2 is also homologous the light chain 3 (LC3) subunit of
themicrotubule-associated proteins 1A and 1B (MAP1A and MAP1B)\;
LGG-2 is predicted to associate with MAP1A and MAP1B and with
microtubules and toperhaps play a role in regulating the microtubulebinding activity ofMAP1A and MAP1B\; LGG-2 has no obvious function in
RNAi assays, and isnot required for either dauer formation or extended
lifespan.
N.A.
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N.A.
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Y67H2A.4
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BE0003N
10.3

N.A.
N.A.
ima-1 encodes a member of the importin family.
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aqp-7 encodes an aquaglyceroporin whose expression in Xenopus oocytes
increases either water or glycerol permeability five- to seven-fold\; AQP-7
has no function in mass RNAi assays, perhaps reflecting genetic
redundancy with its several paralogs\; AQP-7 is expressed in muscle
punctae (perhaps focal adhesions).
ubc-3 encodes an E2 ubiquitin-conjugating enzyme orthologous to
Saccharomyces cerevisiae and human CDC34 (OMIM:603731) which are
involved in regulating protein stability during G1 and G2 cell cycle phase
transitions\; by homology, UBC-3 is likely required for covalent attachment
of ubiquitin to select target proteins to facilitate their degradation\; however,
as loss of UBC-3 activity via RNA-mediated interference (RNAi) does not
result in any abnormalities, the precise role of UBC-3 in C. elegans
development and\/or behavior is not yet known.
yap-1 encodes a protein with sequence similarity to YAP (yes-associated
protein) in its N-terminal TEAD-binding domain and WW domain\; YAP-1
plays a role in the response to heat and in determination of adult life span\;
YAP-1 physically interacts with EGL-44, a transcription enhancer factor of
the TEA domain (TEAD) class, and when co-expressed, the two proteins
are able to activate a TEAD reporter\; YAP-1 also physically interacts with
WTS-1, the C. elegans LATS ortholog\; YAP-1 is broadly expressed
throughout development and found in a number of different tissues
including epithelia, hypodermis, muscles, pharynx, intestine, gonadal
sheath cells, vulval, and the spermatheca\; YAP-1 mainly localizes to the
cytoplasm and, during specific developmental events, to the nucleus\; YAP1 cytoplasmic localization is regulated by WTS-1, and the 14-3-3 protein
FTT-2\; in response to heat, YAP-1 transiently accumulates in the nucleus,
with subsequent translocation to the cytoplasm dependent on the DAF-21
HSP90 and HSF-1 heat shock factor.
N.A.
arl-8 encodes an Arf-like small GTPase and is highly conserved among
multicellular organisms\; arl-8 regulates transport of axonal presynaptic
vesicle protein cargo, most likely by preventing vesicle aggregation\; arl-8
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F53G12.1

is involved in endosome to lysosome transport, by promoting late
endosome-lysosome fusion\; arl-8 is also required for proper embryonic
development\; arl-8 associates with synaptic vesicle proteins and localizes
to the lysosome.
rab-11.1 encodes a small GTPase homologous to the Rab GTPases that
function in endocytosis, membrane fusion, and vesicular trafficking events\;
RAB-11.1 activity is required for completion of the final stages of
cytokinesis during early embryogenesis and for efficient uptake of yolk
proteins during oocyte development\; RAB-11.1 is also required for normal
peripheral localization of nuclei in the synctial germ cell in the ovary and for
regulated secretion of CAV-1-containing cortical granules following
fertilization\; RAB-11.1 localizes to recycling endosomes and to cortical
granules.
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N.A.
lrk-1 encodes the sole C. elegans homolog of the leucine-rich repeat
kinases, LRRK1 and the familial Parkinsonism gene PARK8\/LRRK2\; in C.
elegans, lrk-1 is required for polarized localization of synaptic vesicle
proteins to presynaptic regions\; LRK-1 functions antagonistically to PINK-1
to regulate oxidative and endoplasmic reticulum stress response as well as
neurite outgrowth\; LRK-1 is widely expressed and localizes to the Golgi
apparatus.
nfi-1 encodes the C. elegans ortholog of the Nuclear Factor I (NFI) family of
transcription factors\; in C. elegans, nfi-1 activity is required for locomotion,
egg laying, pharyngeal pumping, and wild-type adult lifespan\; in vitro, NFI-
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0.12 WBGene00004032

pkc-1

F57F5.5

0.11 WBGene00006543

tbx-2

F21H11.3

1 can bind conserved NFI-binding sites also recognized by vertebrate NFI
proteins\; in situ hybridization experiments indicate that nfi-1 is expressed
maternally in the germline and the early embryo\; mRNA expression is also
seen in the adult intestine\; an NFI-1::GFP fusion protein is expressed from
late embryogenesis through adulthood where it is seen in muscles,
particularly pharyngeal and head muscles, neurons, and the intestine\; nfi-1
expression in pharyngeal muscle is sufficient to rescue pharyngeal
pumping defects and lifespan abnormalities\; expression of ttn-1, which
encodes the C. elegans muscle component Titin, is reduced in nfi-1 mutant
animals.
pkc-1 encodes a serine\/threonine protein kinase that is orthologous to
mammalian protein kinase C epsilon (PRKCE), a member of the nPKC
subgroup of the protein kinase C superfamily\; together with UNC-13, PKC1 may act downstream of goa-1 to modulate phorbol ester-induced
stimulation of acetylcholine release at NMJs\; PKC-1 positively regulates
locomotion, and affects thermotaxis and chemotaxis together with kin-11\;
PKC-1 is required for regulating several behaviors including sensation of
volatile and soluble compounds, osmolarity, and temperature
(thermosensation)\; PKC-1 is also required for phorbolester-induced
stimulation of acetylcholine release at neuromuscular junctions\; PKC-1
localizes to the processes and cell bodies of approximately 75 sensory
neurons and interneurons, and pkc-1 mRNA is detectable at varying levels
during larval and adult stages.
tbx-2 encodes one of 21 C. elegans T-box transcription factors\; during
development, tbx-2 activity is required for normal adaptation, but not
chemotaxis, to attractive odorants sensed by the AWC amphid neurons\;
tbx-2 is required redundantly with unc-3 and unc-31 for negative regulation
of dauer formation, and large-scale RNAi screens reveal an essential role
for tbx-2 in early larval development, normal rates of postembryonic
growth, and locomotory behavior\; tbx-2 is also required along with pha-4
for embryonic precursor cells to adopt a pharyngeal muscle fate\; TBX-2
and PHA-4 are mutually dependant on each other to maintain expression
implicating them in a regulatory loop that controls commitment to the
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pharyngeal muscle fate\; yeast two-hybrid assays have identified that TBX2 interacts with UBC-9 (E2 SUMO conjugating enzyme) and GEI-17 (E3
SUMO ligase)\; based on the two-hybrid interaction and the similar
pharyngeal muscle phenotype of ubc-9, it is likely that protein sumoylation
is required for precursor-cell derived pharyngeal muscle development\;
antibodies to TBX-2 detect expression in the cytoplasm of amphid and
pharyngeal neurons in larvae and adults, suggesting that TBX-2 function
may be controlled, in part, by regulation of its subcellular localization\; in
addition, in situ hybridization studies indicate that tbx-2 mRNA is expressed
during mid-embryogenesis\; tbx-2 expression in the AWC amphid neurons
is sufficient to rescue the olfactory adaptation defects seen in tbx-2 mutant
animals.
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Appendix B: Gene ontology of mir-44 family germline hermaphrodite expressed targets.
embryo development ending in birth or egg hatching

54

33.3

1.50E-03

Fold
Enrichment
1.5

reproduction
nematode larval development
locomotion
transport
body morphogenesis
small GTPase mediated signal transduction
oviposition
growth
engulfment of apoptotic cell
cell division
protein transport
cell cycle
intracellular signal transduction
regulation of locomotion
axon guidance
protein ubiquitination
inductive cell migration
actin cytoskeleton organization
axon extension
regulation of oviposition
mitotic spindle organization
vesicle-mediated transport

41
35
33
20
14
10
10
8
7
6
6
6
6
5
5
5
5
4
4
4
4
4

25.3
21.6
20.4
12.3
8.6
6.2
6.2
4.9
4.3
3.7
3.7
3.7
3.7
3.1
3.1
3.1
3.1
2.5
2.5
2.5
2.5
2.5

2.70E-03
1.60E-02
1.80E-04
3.30E-03
3.10E-02
1.80E-06
2.30E-02
3.40E-03
6.50E-04
2.40E-02
2.60E-02
2.60E-02
3.60E-02
9.30E-04
2.70E-02
3.50E-02
9.20E-02
8.20E-04
1.00E-02
1.30E-02
3.70E-02
6.20E-02

1.6
1.5
2
2.1
1.9
8.8
2.4
4.1
6.6
3.7
3.6
3.6
3.3
11.3
4.4
4
2.9
20.9
8.8
8
5.4
4.4

Term

Count

%

P-Value
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axonal fasciculation

4

2.5

8.90E-02

3.8

negative regulation of cell division
synaptic vesicle transport
3'-UTR-mediated mRNA destabilization
mitophagy
regulation of pharyngeal pumping
proteasome-mediated ubiquitin-dependent protein catabolic
process
actin filament severing
positive regulation of innate immune response
cortical granule exocytosis
mitotic cell cycle arrest
positive regulation of neurotransmitter secretion
phosphatidylinositol-mediated signaling
regulation of proteolysis

3
3
3
3
3
3

1.9
1.9
1.9
1.9
1.9
1.9

5.90E-03
1.50E-02
1.90E-02
2.10E-02
7.50E-02
1.00E-01

25.1
15.7
13.9
13.2
6.6
5.6

2
2
2
2
2
2
2

1.2
1.2
1.2
1.2
1.2
1.2
1.2

3.50E-02
3.50E-02
4.70E-02
4.70E-02
4.70E-02
5.80E-02
6.90E-02

55.8
55.8
41.8
41.8
41.8
33.5
27.9

protein targeting to vacuole
phosphatidylinositol-3-phosphate biosynthetic process

2
2

1.2
1.2

8.00E-02
9.10E-02

23.9
20.9
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Appendix C: Computationally predicted male mir-44 family germline expressed target genes.
WormBase
Public Name
PcT
Concise Description
Gene ID
>
WBGene0000011 alh-4
N.A.
0.99
0
>
WBGene0000015 1-Apr
The apr-1 gene encodes an ortholog of human APC (OMIM:175100,
0.99
6
mutated in familial adenomatous polyposis) that is required for germline
fertility, the control of homeodomain expression (CEH-13 and LIN-39)
during embryogenesis and vulval development, and for the migration and
elongation of hypodermal cells during embryo morphogenesis\; APR-1 is
thought to reside in adherens junctions, while also stimulating two betacatenins in Wnt signalling (HMP-2 in migrating epithelial cells, and BAR-1
in the vulval precursor cells)\; however, APR-1 also binds PRY-1\/axin, and
with PRY-1 inhibits RAS-independent Wnt induction of LIN-39\; APR-1
along with MOM-5\/Frizzled receptor and GSK-3 kinase is also required for
the engulfment of apoptotic cells and migration of the distal tip cell in the
gonad, indicating that Wnt signaling can regulate cytoskeletal
rearrangements via CED-10\/RAC\; phosphorylated APR-1 binds CED2\/CrkII in yeast two hybrid screens, this binding and genetic studies
suggest that APR-1 and MOM-5 activate the CED-2\/5\/12 branch of the
engulfment pathway.
0.17
WBGene0000017 aqp-7
aqp-7 encodes an aquaglyceroporin whose expression in Xenopus oocytes
5
increases either water or glycerol permeability five- to seven-fold\; AQP-7
has no function in mass RNAi assays, perhaps reflecting genetic
redundancy with its several paralogs\; AQP-7 is expressed in muscle
punctae (perhaps focal adhesions).
0.82
WBGene0000018 arf-3
arf-3 encodes a member of the ADP-ribosylation factor related protein
3
family\; likely expressed in touch receptors and regulated by MEC-3.
0.15
WBGene0000019 arl-8
arl-8 encodes an Arf-like small GTPase and is highly conserved among
2
multicellular organisms\; arl-8 regulates transport of axonal presynaptic
vesicle protein cargo, most likely by preventing vesicle aggregation\; arl-8
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0.56

WBGene0000022
3

atf-7

0.9

WBGene0000041
9

ced-5

0.23

WBGene0000047
9

cgh-1

is involved in endosome to lysosome transport, by promoting late
endosome-lysosome fusion\; arl-8 is also required for proper embryonic
development\; arl-8 associates with synaptic vesicle proteins and localizes
to the lysosome.
atf-7 encodes a basic-region leucine zipper (bZIP) transcription factor
orthologous to members of the ATF2\/ATF7\/CREB5 family of cyclic
AMPresponse element binding (CREB)\/activating transcription factors
(ATFs)\; ATF-7 plays a key role in the innate immune response by
regulating the expression of immune genes downstream of PMK-1\/p38
MAPK\; ATF-7 is likely converted from a transcriptional repressor to a
transcriptional activator in response to phosphorylation by activated PMK-1
with which it physically interacts and serves as a substrate in heterologous
expression assays\; an ATF-7::GFP reporter fusion is expressed in the
intestine and localizes to the nucleus.
ced-5 encodes a homolog of the human protein DOCK180\; ced-5 is
required for the cell engulfment stage of programmed cell death, and
physically interacts with CED-2.
cgh-1 encodes a putative DEAD-box RNA helicase, orthologous tobudding
yeast Dhh1p, fission yeast Ste13p, Drosophila ME31B, andhuman DDX6
(OMIM:600326)\; CGH-1 inhibits physiological apoptosis inoocytes,
keeping it down to a normal level of ~50\% in hermaphroditegonads\;
independently of apoptosis, CGH-1 is also required for spermfunction,
oocyte fertilization, and early embryonic cytokinesis\; byorthology with
budding yeast, CGH-1 is expected to enabledecapping-dependent mRNA
degradation\; CGH-1 is expressed in meioticgerm cells, oocytes, sperm,
early embryonic P granules, otherunidentified cytoplasmic foci of the gonad
core and early embryos,and the germline precursors Z2 and Z3\; cgh1(RNAi) hermaphroditeslose ~100\% of their oocytes to physiological
apoptosis\; gonadal CGH-1accumulation is suppressed by either glh-1\/4
RNAi orgld-1(q485)\;gld-2(q497) mutations, yet physiological apoptosis
(whichwould normally be elevated by loss of CGH-1) is also abnormally
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0.79

WBGene0000051
6

cki-1

0.96

WBGene0000052
8

clh-1

0.84

WBGene0000054
8
WBGene0000056
6

clr-1

WBGene0000087
1

cye-1

0.95

0.56

cnt-2

lowin these genotypes\; cgh-1(RNAi) males have sterile sperm
withabnormally short pseudopods\; CGH-1 associates with CAR-1, DCAP2, andCEY-2\/3\/4 in P granules and cytoplasmic particles of the
earlyembryo\; CGH-1 is required for normal CAR-1 localization in
earlyembyros, and binds CAR-1 in an RNA-dependent manner.
cki-1 encodes a homolog of the mammalian cyclin-dependent kinase
inhibitor p27\/KIP1 that is required for the arrest of cell division in larval
blast lineages, dauer larvae and starved L1 larvae\; excess CKI-1
expression prematurely stops cell division while cki-1(RNAi) induces extra
cell divisions, indicating that CKI-1 quantitatively regulates the amount of
mitosis in postembryonic worms.
clh-1 encodes two CLC-type chloride channels via alternative splicing,
homologous to human CLC1 (OMIM:118425) and CLC2 (OMIM:600570)\;
CLH-1a and CLH-1b are required for maintenance of normal body shape\;
null mutations of clh-1 cause abnormal alae and a wider body than normal,
with the body phenotype being reversible by culture medium of high
osmolarity.
N.A.
cnt-2 encodes an Arf GTPase-activating protein (GAP) of the AGAP
family\; cnt-2 is required for asymmetric cell divisions\; genetic analyses
suggest that cnt-2 influences asymmetric cell divisions through regulation
of receptor-mediated endocytosis and regulation of actomyosin dynamics
at the cell cortex.
cye-1 encodes the sole C. elegans E-type cyclin\; CYE-1 is required for
progression through the mitotic cell cycle during embryonic, larval, and
germline development\; cye-1 is also required for endoreduplication in
intestinal cells\; CYE-1 is expressed ubiquitously in nuclei during
embryonic development and postembryonically in proliferating blast cells,
including germline stem cells\; in the germline, CYE-1 levels are negatively
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0.78

WBGene0000087
2

cyk-1

0.29

WBGene0000087
4

cyk-3

0.88

WBGene0000102
5

dnj-7

0.54

WBGene0000108
0

dpy-21

regulated in meiotic cells by a CUL-1, SKR-1\/2, PROM-1 SCF ubiquitin
ligase.
cyk-1 encodes a Formin Homology protein homologous to Drosophila
diaphanous and human DIAPH1\; cyk-1 is required for embryonic
cytokinesis and Arp2\/3-independent assembly of cortical microfilaments\;
CYK-1 physically interacts with the PFN-1 profilin\; CYK-1 is enriched
within cleavage furrows during cell division.
cyk-3 encodes a functional ubiquitin C-terminal hydrolase required for
embryonic viability and for cellular osmotic regulation\; osmotic regulation
defects in mutants contribute at least partially to cytokinesis defects in
mutant embryos.
dnj-7 encodes a protein containing a DnaJ domain that is orthologous to
vertebrate P58IPK\/DNAJC3, peripheral membrane proteins of the rough
endoplasmic reticulum (ER) that function in co-translocational ER protein
degradation during ER stress\; in C. elegans, loss of dnj-7 activity via RNAi
results in increased expression of an hsp-4::gfp (BiP) stress-inducible
reporter fusion, suggesting that dnj-7 functions to regulate ER
homeostasis.
dpy-21 encodes a novel, conserved protein with a proline-rich N terminus\;
dpy-21 affects RNA levels of X-linked dosage-compensated genes, body
length in hermaphrodites, and fertility and male tail development in males\;
DPY-21 interacts in vivo with DPY-27 and SDC-3, members of the dosage
compensation complex, and like members of the dosage compensation
complex, is diffusely localized in nuclei of XX embryos containing <40 cells,
but then specifically localizes to X chromosomes of XX embryos with >40
cells, remaining on the X throughout development\; in XO embryos, DPY21 is dispersed throughout the nucleus in multiple foci that are not
coincident with the X chromosome\; in hermaphrodites, localization of
DPY-21 to the X chromosome requires activity of SDC-2, SDC-3, DPY-26,
DPY-27, and DPY-28\; DPY-21 is not, however, required reciprocally for
the stability or localization of these other dosage compensation proteins\; in
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0.37

WBGene0000113
4

eat-3

0.64

WBGene0000144
3

fli-1

0.95

WBGene0000145
3

flp-10

0.8

WBGene0000149
9
WBGene0000155
9

fsn-1

0.96

gei-1

addition, unlike SDC-3 and other members of the dosage compensation
complex, DPY-21 is not recruited to the autosomal her-1 regulatory region,
suggesting that DPY-21 is not part of the gene-specific complex that
represses her-1 expression in hermaphrodites.
eat-3 encodes a mitochondrial dynamin family member, closely related to
bacterial dynamin-like proteins, that is orthologous to human Opa1
(OMIM:203740, mutated in autosomal dominant optic atrophy) and budding
yeast Mgm1\; eat-3 is required for proper regulation of inner mitochondrial
membrane fusion and normal mitochondrial function (oxidative
phosphorylation)\; accordingly, eat-3 is also required for normal body size,
growth rates, locomotion, and reproductive levels\; eat-3 promoter fusions
are expressed at high levels in the intestine, muscles, and neurons, with
lower levels seen in other cell types\; by similarity to its mammalian and
yeast orthologs, EAT-3 is predicted to localize to the mitochondrial
intermembrane space.
fli-1 encodes a protein with an N-terminal amphipathic leucine-rich region
and gelsolin repeats that is orthologous to Drosophila and human
Flightless I\; FLI-1 can interact with human Ha-Ras and human actin in
vitro\; fli-1 mRNA levels are highest in embryos.
flp-10 encodes a FMRFamide-related neuropeptide\; in males, flp-10
activity is required for a sensory transduction pathway that negatively
regulates the frequency of certain substeps of turning behavior during
mating\; a flp-10::gfp reporter is expressed in a number of neurons
including AIM, ASI, AUA, BAG, BDU, DVB, PQR, PVR, and URX, and in
the vulD cells.
N.A.
gei-1 encodes a protein containing a RhoGAP domain and a START
(StAR-related lipid-transfer) domain and interacts with GEX-2 in yeast twohybrid assays.
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0.94

WBGene0000159
0
WBGene0000163
8

C45G3.3

N.A.

gly-13

0.82

WBGene0000164
8

goa-1

0.78

WBGene0000164
9

gob-1

0.95

WBGene0000167
9

gpb-1

gly-13 encodes an experimentally verified UDP-N-acetylglucosamine
alpha-3-D-mannoside beta-1,2-N-acetylglucosaminyltransferase I (GnT I),
that is the primary GnT I enzyme in vivo, and that can act on unusual
substrates\; gly-13 is expressed throughout development in many cell
types\; a deletion allele of gly-13 is partially lethal with survivors displaying
severe morphological and behavioral defects.
goa-1 encodes an ortholog of the heterotrimeric G protein alpha subunit Go
(Go\/Gi class)\; GOA-1 activity is required for regulation of a number of
behaviors, including locomotion, egg-laying, male mating, and olfactorymediated behaviors\; GOA-1 activity is also required for asymmetric cell
division in the early embryo\; goa-1 genetically interacts with the egl-30
pathway, and is expressed in all neurons and sex-specific muscles\; GOA1 physically interacts with RIC-8 and AGS-3, and its activity is modulated
by RIC-8 and RGS-7 in in vitro assays.
gob-1 encodes an experimentally confirmed trehalose-6-phosphatase,
whichbelongs to the HAD-like hydrolase superfamily\; heat-shock induction
oftransgenic ELT-2 causes ectopic expression of gob-1\; gob-1 first
hasELT-2-dependent expression in the 8E cell stage of embryonic
intestine,but later is expressed more widely\; gob-1 mutants are lethal as
earlylarvae, at least partly because of their intestines being constricted
bythe end of embryonic development, but some gob-1 mutants die even
with anopen intestine\; strong loss-of-function mutations in twotrehalose-6phosphate synthases (tps-1 and tps-2) completely suppressgob-1 lethality,
indicating that gob-1 mutant lethality is due to a toxicaccumulation of
trehalose-6-phosphate.
gpb-1 encodes a heterotrimeric G protein beta subunit that is required
during embryonic development for the proper orientation of the mitotic
spindle during early cell divisions and thus affects the orientation of early
cell division axes, and is also required for larval viability, negatively

0.89
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hum-5

regulates locomotion and egg-laying, and may affect germline development
and osmotic balance\; expressed in early embryos with highest expression
at cell membranes and colocalizes with asters just before and during early
cell divisions (this localization is dependent upon G alpha subunits)\; adults
display high levels of expression in neurons with lower expression in the
somatic gonad, vulva, and hypodermal seam cells and expression is also
detected in the intestine, pharynx, body wall muscles and in the germline.
gpb-2 encodes an ortholog of Gbeta(5), that is dispensable for viability, but
required for normal egg-laying, locomotion, and pharyngeal pumping\;
GBP-2 may regulate the interaction between the GOA-1 and EGL-30
signaling pathways based on genetic analysis\; gpb-2 is expressed
throughout development in the nervous system and in muscle, and
expression is dependent upon expression of both EAT-16 and EGL-10.
hum-2 encodes a class V unconventional myosin similar to human
MYO5A, MYO5B and MYO5C.
N.A.

ima-1

ima-1 encodes a member of the importin family.

ima-3

ima-3 encodes one of three C. elegans importin alpha nuclear transport
factors and the importin alpha that is most similar to the alpha3-subtype\;
ima-3 activity is required throughout development: during oogenesis, ima-3
is essential for progression past pachytene of meiotic prophase I and for
proper organization of the nuclear pore complex (NPC) as well as
association of P granules with the NPC\; ima-3 is also required for normal
embryonic, larval, and germline development\; in vitro, IMA-3 can interact
with human importin beta1, suggesting that it functions in a complex with
C. elegans importin betas in vivo\; IMA-3 is expressed in males and
hermaphrodites, in both the germline and in somatic tissue\; in the
germline, IMA-3 is seen in the common cytoplasm of the rachis and in

0.84

WBGene0000168
0

gpb-2

0.96

WBGene0000203
6
WBGene0000203
8
WBGene0000207
2
WBGene0000207
4

hum-2

0.31
0.19
0.79
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0.91

WBGene0000219
2
WBGene0000298
1

kin-4

0.56

WBGene0000299
2

lin-3

0.42

WBGene0000306
0

lpd-3

0.12

WBGene0000306
8

lrk-1

0.21

lgg-2

association with the nuclear envelope of germline nuclei and the residual
body of developing spermatids.
N.A.
lgg-2 encodes an ortholog of the autophagic budding yeast protein
Atg8p\;LGG-2 is also homologous the light chain 3 (LC3) subunit of
themicrotubule-associated proteins 1A and 1B (MAP1A and MAP1B)\;
LGG-2 is predicted to associate with MAP1A and MAP1B and with
microtubules and toperhaps play a role in regulating the microtubulebinding activity ofMAP1A and MAP1B\; LGG-2 has no obvious function in
RNAi assays, and isnot required for either dauer formation or extended
lifespan.
lin-3 encodes a member of the EGF family of peptide growth factors that
affects induction of vulval development, viability, ovulation, behavioral
quiescence after stress, and male spicule development\; it acts genetically
upstream of its presumptive receptor let-23, and is expressed in multiple
locations consistent with it acting as a localized ligand\; for example, the
anchor cell of the developing gonad, which induces vulval development.
lpd-3 encodes a novel protein that is nevertheless conserved amongst
humans, mice, and Drosophila\; in C. elegans, LPD-3 activity is required for
normal lipid metabolism, as animals that have reduced lpd-3 activity as a
result of RNA-mediated gene interference (RNAi) lack lipid storage
granules in the intestine and are paler and skinnier than wild-type animals\;
lpd-3 is expressed prominently in the intestine, the major site of fat storage.
lrk-1 encodes the sole C. elegans homolog of the leucine-rich repeat
kinases, LRRK1 and the familial Parkinsonism gene PARK8\/LRRK2\; in C.
elegans, lrk-1 is required for polarized localization of synaptic vesicle
proteins to presynaptic regions\; LRK-1 functions antagonistically to PINK-1
to regulate oxidative and endoplasmic reticulum stress response as well as
neurite outgrowth\; LRK-1 is widely expressed and localizes to the Golgi
apparatus.
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0.23

WBGene0000316
6
WBGene0000322
8

mec-2

0.35

WBGene0000323
1

mex-6

0.12

WBGene0000359
2

nfi-1

0.24

WBGene0000359
8

nhl-2

0.92

mex-1

The mec-2 gene encodes a stomatin homolog required to sense gentle
mechanical stimuli (e.g. touch) along the body wall.
mex-1 encodes a CCCH-type zinc-finger protein that is required maternally
for segregation of P granules, germ cell formation, and somatic cell
differentiation in the early embryo\; MEX-1 is expressed cytoplasmically in
germ line blastomeres, is a component of P granules, and is required for
restricting PIE-1 expression and function to these cells\; mex-1 mRNA
transcripts are also transiently associated with P granules.
mex-6 encodes a CCCH zinc-finger protein highly similar to MEX-5 that
functions with MEX-5 to affect embryonic viability, establish soma germline
asymmetry in embryos and establish PIE-1, MEX-1, and POS-1 asymmetry
in embryos, and also affects formation of intestinal cells\; MEX-6 and MEX5 may act downstream of the PAR proteins.
nfi-1 encodes the C. elegans ortholog of the Nuclear Factor I (NFI) family
of transcription factors\; in C. elegans, nfi-1 activity is required for
locomotion, egg laying, pharyngeal pumping, and wild-type adult lifespan\;
in vitro, NFI-1 can bind conserved NFI-binding sites also recognized by
vertebrate NFI proteins\; in situ hybridization experiments indicate that nfi-1
is expressed maternally in the germline and the early embryo\; mRNA
expression is also seen in the adult intestine\; an NFI-1::GFP fusion protein
is expressed from late embryogenesis through adulthood where it is seen
in muscles, particularly pharyngeal and head muscles, neurons, and the
intestine\; nfi-1 expression in pharyngeal muscle is sufficient to rescue
pharyngeal pumping defects and lifespan abnormalities\; expression of ttn1, which encodes the C. elegans muscle component Titin, is reduced in nfi1 mutant animals.
nhl-2 encodes one of five C. elegans proteins that contain TRIM (tripartitecontaining motif\; RING, B-box, coiled-coil) and NHL (NCL-1, HT2A and
LIN-41) domains\; NHL-2 functions together with CGH-1 and in association
with the miRSC complex to regulate the efficacy of microRNA-target
interactions and hence, gene regulation, during postembryonic
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0.35

WBGene0000365
6

nhr-66

0.97

WBGene0000373
5

nhx-8

0.35

WBGene0000390
1

paa-1

0.12

WBGene0000403
2

pkc-1

development\; in addition, nhl-2 mutations suppress embryonic lethal
mutations in par-2, suggesting that nhl-2 also plays a role in establishing
embryonic polarity\; NHL-2 physically interacts with CGH-1 and localizes to
cytoplasmic P bodies, mRNA processing bodies.
nhr-66 encodes a member of the superfamily of nuclear receptors, which is
one of the most abundant class of transcriptional regulators\; nuclear
receptors have a well conserved DNA binding domain and a less
conserved C-terminal ligand binding domain\; expression studies using
GFP fusions indicate that nhr-66 is expressed in several neuronal and
nonneuronal cells\; microarray analysis indicates that expression of nhr-66
in neurons and seam cells is upregulated in response to exposure to
cholesterol.
nhx-8 encodes two isoforms of a sodium\/proton exchanger expressed
intracellularly within hypodermal seam cells, pharyngeal muscles,
pharyngeal-intestinal and intestinal-rectal valve cells, and vulval cells\; nhx8 has no obvious phenotype in mass RNAi screens\; NHX-8 is thought to
prevent intracellular acidification by catalysing the electroneutral exchange
of vesicular sodium for an intracellular proton.
paa-1 encodes the sole C. elegans homolog of PR65, the structural subunit
of protein phosphatase 2A (PP2A)\; paa-1 is an essential gene, required in
RNAi assays for embryonic viability, fertility, and cuticular integrity\; PAA-1
protein physically interacts with LET-92, the PP2A catalytic subunit, and
with RSA-1, a PP2A regulatory subunit\; PAA-1 also physically interacts
with SMG-5\; PAA-1 localizes to centrosomes, the mitotic spindle, P
granules, and the nuclear envelope\; PAA-1 levels at the centrosome are
decreased in rsa-1 mutant animals.
pkc-1 encodes a serine\/threonine protein kinase that is orthologous to
mammalian protein kinase C epsilon (PRKCE), a member of the nPKC
subgroup of the protein kinase C superfamily\; together with UNC-13, PKC1 may act downstream of goa-1 to modulate phorbol ester-induced
stimulation of acetylcholine release at NMJs\; PKC-1 positively regulates
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0.95

WBGene0000407
8

pos-1

0.69

WBGene0000411
0

pqn-20

locomotion, and affects thermotaxis and chemotaxis together with kin-11\;
PKC-1 is required for regulating several behaviors including sensation of
volatile and soluble compounds, osmolarity, and temperature
(thermosensation)\; PKC-1 is also required for phorbolester-induced
stimulation of acetylcholine release at neuromuscular junctions\; PKC-1
localizes to the processes and cell bodies of approximately 75 sensory
neurons and interneurons, and pkc-1 mRNA is detectable at varying levels
during larval and adult stages.
pos-1 encodes a CCCH-type zinc-finger protein\; during embryogenesis,
maternally provided POS-1 is essential for proper fate specification of germ
cells, intestine, pharynx, and hypodermis\; POS-1's role in cell fate
specification is likely as a translational regulator, as POS-1 is required, in
posterior blastomeres, for positive regulation of apx-1 mRNA translation
and negative regulation of glp-1 mRNA translation via direct binding to the
spatial control region (SCR) in the glp-1 mRNA 3' UTR\; in regulating
mRNA translation, POS-1 interacts with SPN-4, an RNP-type RNA binding
protein, that may function to negatively regulate POS-1 activity\; POS-1
can also bind the mex-6 3'-UTR in vitro, although expression of a MEX-6
reporter fusion protein does not appear to be affected in pos-1 mutant
animals\; pos-1 mRNA is first detected in the gonads of L4 and adult
animals, and is present uniformly in oocytes and newly fertilized embryos\;
during early embryonic divisions, pos-1 mRNA is present at higher levels in
germline blastomeres until it disappears following the division of P4\; POS1 protein is first apparent at low levels in 1-cell embryos, with subsequent
expression mirroring that of pos-1 mRNA: high levels in germline
blastomeres until its disappearance after the P4 division\; in the germline
blastomeres P1, P2, P3, and P4, POS-1 colocalizes with cytoplasmic and
perinuclear P granules.
The protein product of this gene is predicted to contain a
glutamine\/asparagine (Q\/N)-rich ('prion') domain, by the algorithm of
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Michelitsch and Weissman (as of the WS77 release of WormBase, i.e., in
wormpep77).
N.A.
The protein product of this gene is predicted to contain a
glutamine\/asparagine (Q\/N)-rich ('prion') domain, by the algorithm of
Michelitsch and Weissman (as of the WS77 release of WormBase, i.e., in
wormpep77).
larp-5 encodes an La-related protein containing an La RNA-binding motif
and a conserved LARP5 domain\; LARP-5 is most closely related to the
Larp5 family of metazoan-specific La proteins that includes human and
mouse Larp5 as well as Drosophila melanogaster CG11505.
rab-11.1 encodes a small GTPase homologous to the Rab GTPases that
function in endocytosis, membrane fusion, and vesicular trafficking events\;
RAB-11.1 activity is required for completion of the final stages of
cytokinesis during early embryogenesis and for efficient uptake of yolk
proteins during oocyte development\; RAB-11.1 is also required for normal
peripheral localization of nuclei in the synctial germ cell in the ovary and for
regulated secretion of CAV-1-containing cortical granules following
fertilization\; RAB-11.1 localizes to recycling endosomes and to cortical
granules.
rab-21 encodes a Rab GTPase most closely related to the Drosophila and
vertebrate Rab21 GTPases and Saccharomyces cerevisiae VPS21\; by
homology, RAB-21 is predicted to be involved in membrane
trafficking\/vesicle transport\; loss of rab-21 activity via RNAi results in 78\% embryonic lethality.
rab-30 encodes a rab related protein of the Ras GTPase superfamily.
rab-39 encodes a small, monomeric Rab GTPase that is most closely
related to the human and Drosophila Rab39 GTPases\; by homology, RAB-
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39 is predicted to function as a membrane-associated GTPase required for
intracellular vesicular trafficking and for regulation of endo- and
exocytosis\; however, as loss of rab-39 function via RNA-mediated
interference (RNAi) does not result in any obvious abnormalities, the
precise role of RAB-39 in C. elegans development and\/or behavior is not
yet known.
N.A.
sep-1 encodes the C. elegans ortholog of separase, a cysteine protease
first discovered in yeast, as Esp1, that cleaves sister chromatids at their
centromeres during anaphase by proteolyzing the Scc1 subunit of
cohesin\; in mitotically dividing C. elegans embryos, SEP-1 activity is
required for a number of cell cycle events including sister chromatid
separation and membrane trafficking, specifically the incorporation of RAB11-positive vesicles into the plasma membrane, during cytokinesis\; during
meiosis, SEP-1 also plays a role in polar body extrusion and vesicle
trafficking, by regulating cortical vesicle exocytosis during anaphase I and
thus, eggshell formation\; SEP-1 subcellular localization is dynamic\; in
oocytes, during maturation, SEP-1 localizes to homologous chromosomes
and to cortical filaments\; localization to filaments occurs up to anaphase
onset when SEP-1 accumulation is found on cortical vesicles until
anaphase I and at the cortex near the polar body\; in mitotically dividing
embryonic cells, SEP-1 localizes to centrosomes and chromosomes before
spreading to the anaphase spindle, and then appearing on the ingressing
cleavage furrow and midbody during cytokinesis\; SEP-1 interacts with IFY1, a C. elegans securin homolog, also required for proper chromosome
segregation and cytokinesis.
N.A.
snt-1 encodes two proteins, SNT-1A and SNT-1B, orthologous to
synaptotagmin\; SNT-1 is required for synaptic vesicle exocytosis and
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neurotransmitter release as well as for synaptic vesicle recycling via
clathrin-mediated endocytosis\; accordingly, snt-1 activity is required for a
variety of behaviors including pharyngeal pumping, locomotion, and
defecation\; SNT-1A and SNT-1B isoforms are expressed in neurons, with
SNT-1A typically expressed at higher levels, and in a greater number of
neurons, than SNT-1B\; in addition, SNT-1B is exclusively expressed in the
excretory duct cell and a group of tail neurons including DVB, a GABAergic
neuron required for defecation.
N.A.

kcc-1

N.A.

tbx-2

tbx-2 encodes one of 21 C. elegans T-box transcription factors\; during
development, tbx-2 activity is required for normal adaptation, but not
chemotaxis, to attractive odorants sensed by the AWC amphid neurons\;
tbx-2 is required redundantly with unc-3 and unc-31 for negative regulation
of dauer formation, and large-scale RNAi screens reveal an essential role
for tbx-2 in early larval development, normal rates of postembryonic
growth, and locomotory behavior\; tbx-2 is also required along with pha-4
for embryonic precursor cells to adopt a pharyngeal muscle fate\; TBX-2
and PHA-4 are mutually dependant on each other to maintain expression
implicating them in a regulatory loop that controls commitment to the
pharyngeal muscle fate\; yeast two-hybrid assays have identified that TBX2 interacts with UBC-9 (E2 SUMO conjugating enzyme) and GEI-17 (E3
SUMO ligase)\; based on the two-hybrid interaction and the similar
pharyngeal muscle phenotype of ubc-9, it is likely that protein sumoylation
is required for precursor-cell derived pharyngeal muscle development\;
antibodies to TBX-2 detect expression in the cytoplasm of amphid and
pharyngeal neurons in larvae and adults, suggesting that TBX-2 function
may be controlled, in part, by regulation of its subcellular localization\; in
addition, in situ hybridization studies indicate that tbx-2 mRNA is expressed
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during mid-embryogenesis\; tbx-2 expression in the AWC amphid neurons
is sufficient to rescue the olfactory adaptation defects seen in tbx-2 mutant
animals.
ubc-3 encodes an E2 ubiquitin-conjugating enzyme orthologous to
Saccharomyces cerevisiae and human CDC34 (OMIM:603731) which are
involved in regulating protein stability during G1 and G2 cell cycle phase
transitions\; by homology, UBC-3 is likely required for covalent attachment
of ubiquitin to select target proteins to facilitate their degradation\; however,
as loss of UBC-3 activity via RNA-mediated interference (RNAi) does not
result in any abnormalities, the precise role of UBC-3 in C. elegans
development and\/or behavior is not yet known.
unc-16 encodes a homolog of murine JIP3 (c-Jun N-terminal kinase (JNK)interacting protein 3) and Drosophila SUNDAY DRIVER\; unc-16 is
involved in vesicle transport and mutations affect egg laying, locomotion,
and defecation\; UNC-16 physically interacts with JNK and JNK kinases,
with the KLC-2 kinesin light chain, and the DLI-1 dynein light intermediate
chain\; UNC-16 is expressed in neurons of the ventral cord, retrovesicular
and preanal ganglia, the nerve ring, intestinal cells, seam and hypodermal
cells, body wall and head muscle, and pharynx.
unc-18 encodes the C. elegans ortholog of Saccharomyces cervisiae
SEC1 and mammalian Munc18 proteins\; UNC-18 function as a chaperone
for UNC-64\/syntaxin, ensuring its anterograde transport from the
endoplasmic reticulum to the plasma membrane\; UNC-18 also enables the
docking of vesicles to synaptic regions before vesicle priming and fusion,
and promotes synaptic vesicle exocytosis\; UNC-18 may also inhibit
excessive exocytosis\; UNC-18 is expressed in ventral cord motor neurons.
unc-26 encodes synaptojanin, a polyphosphoinositide phosphatase
orthologous to human synaptojanin 1 (OMIM:604297, 309000, which when
mutated leads to Lowe oculocerebrorenal syndrome)\; UNC-26 is required
for normal locomotion, pharyngeal pumping, and defecation, and
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specifically, appears to function in multiple steps of synaptic vesicle
recycling\; UNC-26 may also play a role in cytoskeletal organization.
unc-33 encodes a conserved member of the CRMP\/TOAD\/Ulip\/DRP
family of proteins that includes mammalian CRMP-2 (Collapsin response
mediator protein-2), which is essential for axon guidance and
axonogenesis\; in C. elegans, unc-33 activity is required for several
biological processes including outgrowth and guidance of sensory, motor,
and interneurons, sex myoblast migration, normal body movement and
morphology, egg laying, and defecation\; by homology to CRMP-2, UNC33 is predicted to bind tubulin heterodimers and promote microtubule
assembly, thereby regulating the extension and branching of cellular
projections during neuronal polarization\; UNC-33 is reportedly expressed
exclusively in axonal processes from after early embryogenesis through
larval and adult stages.
N.A.
unc-53 encodes at least five large (~1200-1600 residue) proteins,
orthologous to human NAV1, NAV2\/RAINB1 (OMIM:607026), and NAV3,
and homologous to Drosophila CG10662\; UNC-53 proteins are required
for anteroposterior guidance of migrating cells, axons, and excretory cell
canals\; unc-53 mutations affect egg laying, backward locomotion, body
size, and male mating\; UNC-53 proteins vary in their N-terminal regions
but share common C-terminal sequences with a AAA-ATPase domain\; the
UNC-53 N-terminus physically interacts with ABI-1, suggesting that UNC53 may function as a scaffold to link the ARP2\/3 complex to ABI-1\; UNC53 also interacts both physically and genetically with SEM-5\; unc-53 is
expressed in those cells requiring it, suggesting that its function is cellautonomous\; overexpression of unc-53 induces excess cellular outgrowth.
unc-60 encodes two, tissue-specific isoforms of actin depolymerizing
factor(ADF)\/cofilin, actin-binding proteins that regulate actin filament
dynamics\; one UNC-60 isoform, UNC-60A, primarily binds G-actin,
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depolymerizes actin filaments, and inhibits actin polymerization\; UNC-60A
is essential during early embryonic development for polar body extrusion,
cytokinesis, and embryonic patterning\; UNC-60B, which does not inhibit
actin polymerization, binds F- and G-actin and influences the rate of actin
polymerization by the UNC-60B:actin ratio\; UNC-60B is required for actin
filament organization in body wall muscle, locomotion, and for efficient
actin filament disassembly by UNC-78, an actin interactin protein 1 (AIP1)
ortholog\; UNC-60A and UNC-60B are differentially expressed: UNC-60A is
found in oocytes, embryos, and the adult gonad and intestine, while UNC60B is found in body wall muscle, the vulva, and spermatheca\; unc-60
transcripts undergo muscle-specific pre-mRNA processing, regulated by
the ASD-2 and SUP-12 splicing factors.
unc-76 encodes a predicted coiled-coil protein that belongs to the FEZ
(fasciculation and elongation protein\; zygin\/zeta-1) family of proteins\;
UNC-76 activity is required for normal axonal outgrowth and fasciculation
and hence, normal locomotion\; UNC-76 expression begins during
embryogenesis and is present in all axons throughout development\; UNC76 localizes to both axons and cell bodies.
unc-108 encodes a small GTPase homologous to the Rab GTPases that
function in endocytosis, membrane fusion, and vesicular trafficking events\;
unc-108 function is required in neurons for normal locomotion\; unc-108
also functions in the removal of apoptotic cells, specifically it functions in
engulfing cells for the recruitment and fusion of the lysosome to the
phagosome\; unc-108 is expressed in neurons and in engulfing cells.
A member of the forkhead domain family of transcription factors that affects
the generation of the AWA and ASG chemosensory neurons and is
partially required for male tail morphogenesis and embryogenesis\; it is
expressed in the AWA and ASG precursors\; it is required for the graded
spatial expression of the UNC-129 TGF-beta guidance factor.
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uvt-2 encodes a protein that contains four EF-hand calcium binding motifs
with similarity to human calmodulin\; mRNA weakly expressed in L1
through L4 larval stages and in the adult hermaphrodite.
vav-1 encodes a Rho\/Rac-family guanine nucleotide exchange factor
orthologous to the Vav proto-oncogene\; VAV-1 is a complex protein with
several domains, from N- to C-terminus: a calponin-like actin-binding
domain\; a RhoGEF\/DH domain\; a pleckstrin-like domain\; a SH2 motif
domain\; and an SH3 domain\; in C. elegans vav-1 is an essential gene
and functions to regulate the concentration of intracellular calcium and
thus, plays a key role in regulating rhythmic behaviors such as pharyngeal
pumping, ovulation, and defecation\; in addition, vav-1 has been shown to
be a target of the mir-61 miRNA in the secondary vulval precursor cells,
where it functions to negatively regulate LIN-12 activity\; VAV-1::GFP
reporters are expressed in the pharynx, the contractile sheath cells of the
gonad, the four posterior-most intestinal cells, and the three rectal epithelial
cells\; VAV-1::GFP is also seen in the distal gonad, body wall muscle, and
in the vulval precursor cells and their descendants.
vhp-1 encodes a MAP kinase phosphatase (MKP)\; VHP-1 activity is
required for regulation of the KGB-1\/JNK-like MAPK-mediated stress
response pathway.
mdt-15 encodes, by alternative splicing, two isoforms of a Mediator subunit
orthologous to human MED15\; together with NHR-49 and SBP-1, MDT-15
is required for normal fat accumulation, for expression of fatty acid (FA)
desaturase genes (fat-5, fat-6, and fat-7), for normal levels of mono- and
polyunsaturated FAs (PUFAs), and for viability, fecundity, mobility, and
normally long lifespan\; several of these phenotypes can be at least
partially suppressed by supplying PUFAs in the food medium\; in part
through NHR-49, MDT-15 participates in basal and fasting-induced
transcription of numerous other metabolic genes, such as gei-7 and acs-2\;
independently of NHR-49 and SBP-1, MDT-15 ensures appropriate
transcriptional response and survival in response to toxins and heavy
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metals by inducing select detoxification genes encoding such as cdr-1,
cyp-35C1, gst-5, mtl-1, mtl-2, ugt-1, ugt-8, and others\; mdt-15 is
expressed at constant levels from embryos to adulthood, in several head
neurons and intestine\; MDT-15 binds NHR-49 and NHR-64 in yeast twohybrid assays, and SBP-1 in GST pull-down assays.
N.A.

C03A3.2

N.A.

C16C10.1

N.A.

tram-1
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tram-1 encodes the C. elegans ortholog of translocating chain-associated
membrane protein 1\; by homology, TRAM-1 is predicted to function in
translocation of protein across the endoplasmic reticulum membrane\;
TRAM-1 localizes to the rough endoplasmic reticulum (ER) as well as to
post-ER compartments such as the ciliary base.
N.A.

rilp-1

N.A.

C34C12.4

N.A.

tag-325

N.A.

C38H2.2

C38H2.2 encodes a core 1 UDP-Gal:GalNAcalpha1-Ser\/Thrbeta1,3galactosyltransferase (core 1 beta3-Gal-T or T-synthase,EC2.4.1.122)\;
C38H2.2 protein is predicted to be primarilyextracellular, with an N-terminal
transmembrane domain\; C38H2.2 shares 6conserved cysteine residues
with all known T-synthases, and isubiquitously expressed\; enzymatically
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active C38H2.2 can be generatedfrom insect but not mammalian cells,
suggesting thatinvertebrate-specific chaperones are required for its activity.
N.A.

slc-25A26

N.A.

F10C2.5

N.A.

F13D12.9

N.A.
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yap-1 encodes a protein with sequence similarity to YAP (yes-associated
protein) in its N-terminal TEAD-binding domain and WW domain\; YAP-1
plays a role in the response to heat and in determination of adult life span\;
YAP-1 physically interacts with EGL-44, a transcription enhancer factor of
the TEA domain (TEAD) class, and when co-expressed, the two proteins
are able to activate a TEAD reporter\; YAP-1 also physically interacts with
WTS-1, the C. elegans LATS ortholog\; YAP-1 is broadly expressed
throughout development and found in a number of different tissues
including epithelia, hypodermis, muscles, pharynx, intestine, gonadal
sheath cells, vulval, and the spermatheca\; YAP-1 mainly localizes to the
cytoplasm and, during specific developmental events, to the nucleus\;
YAP-1 cytoplasmic localization is regulated by WTS-1, and the 14-3-3
protein FTT-2\; in response to heat, YAP-1 transiently accumulates in the
nucleus, with subsequent translocation to the cytoplasm dependent on the
DAF-21 HSP90 and HSF-1 heat shock factor.
N.A.

mogs-1

mogs-1 encodes a mannosyl-oligosaccharide glucosidase (E.C. 3.2.1.106)
orthologous to the human gene A-GLUCOSIDASE I (GCS1\;
OMIM:601336), which when mutated leads to disease.
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F32A11.1

N.A.

piki-1

WBGene0000956
3
WBGene0000958
7
WBGene0000981
2
WBGene0000996
8

F39H2.3

piki-1 encodes a class II phosphatidylinositol 3-kinase (PI3K)\; piki-1
functions redundantly with vps-34 to regulate apoptotic cell clearance
presumably through regulation of PtdIns(3)P levels.
N.A.

mig-38

N.A.

suca-1

N.A.

fig-1
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fig-1 encodes a predicted extracellular protein containing conserved
thrombospondin TSP1 domains\; FIG-1 function is required cell
nonautonomously for sensory organ function as measured by dye filling
and behavioral assays\; a fig-1::GFP promoter fusion is expressed in
amphid and phasmid sheath glial cells from late embryogenesis through
adulthood\; as fig-1(RNAi) can produce defects at all stages of
development and fig-1 mRNA is highly expressed, FIG-1 is likely to be a
labile protein that plays a nonstructural role in regulating neuronal function.
The F54D5.7 gene encodes an ortholog of the human gene GLUTARYLCOENZYME A DEHYDROGENASE (GCDH), which when mutated leads
to glutaricaciduria type I (OMIM:231670).
N.A.

F55D12.5

N.A.
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vha-14 encodes an ortholog of subunit D of the cytoplasmic (V1) domainof
vacuolar proton-translocating ATPase (V-ATPase)\; VHA-14 is apredicted
cytosolic rotor (stalk) component.
N.A.

K05C4.2

N.A.

K10D6.4

N.A.

vglu-2

N.A.

R05H10.3

N.A.

mnk-1
ipla-7

mnk-1 encodes the C. elegans ortholog of the Mnk MAP kinase-interacting
kinase
T04B2.5 encodes a phospholipase A2.

imp-2

N.A.

fndc-1

N.A.

ztf-27

N.A.

bath-43

The T16H12.5 gene encodes a protein with a meprin-associated Traf
homology (MATH) domain that may be involved in apoptosis.
N.A.
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T24B8.4
dkf-2

dkf-2 encodes one of two C. elegans novel protein kinase Ds\; dkf-2 activity
is essential for regulation of innate immunity\; a dkf-2::gfp promoter fusion
is expressed beginning in late embryogenesis and continuing through
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adulthood in the intestine and two cells in the vicinity of the posterior bulb
of the pharynx.
N.A.

W02B12.11

N.A.

slc-25A46

N.A.

gly-9

N.A.

men-1

N.A.

vti-1

N.A.

micu-1

N.A.

bath-40

N.A.

mekk-3

N.A.

ZK131.11

N.A.

chpf-1

N.A.

vps-15

N.A.

B0041.5

B0041.5 encodes a predicted transmembrane transporter that displays
similarity to members of the F5 subfamily of solute carrier family 35
(SLC35F5) proteins that function as nucleotide sugar transporters\; loss of
B0041.5 activity via RNAi results in decreased intestinal dipeptide uptake
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loss of B0041.5 activity has also been reported to affect axon guidance and
fasciculation.
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snpn-1

N.A.
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C02B10.3 encodes a predicted secreted protein containing EGF-like
repeats.
nstp-4 encodes a transporter of UDP-N-acetylglucosamine (UDP-GlcNAc)
and UDP-N-acetylgalactosamine (UDP-GalNAc), orthologous to human
SLC35A3 (OMIM:605632)\; NSTP-4 is redundantly required, with its
paralog SRF-3, for normal progression of oocytes through proximal
gonads and for normal gonad morphology\; nstp-4 is expressed in many
tissues, including pharynx, intestine, pharyngeal gland cells, seam cells,
spermatheca, vulva, various muscles, hypodermis, and neurons\; NSTP-4
transports both UDP-GlcNAc and UDP-GalNAc independently and
simultaneously, with these two molecules neither competing with one
another nor being transported as a heterodimer\; NSTP-4's two transport
activities are genetically separable, since an internally deleted version of
NSTP-4 (lacking only 16 residues) retains normal levels of UDP-GlcNAc
transport while losing 85-90\% of its UDP-GalNAc transport activity\;
NSTP-4's activity has been experimentally validated through heterologous
expression in budding yeast Golgi apparatus, and mutation of NSTP-4 in
conserved residues greatly reduces this activity.
N.A.

nstp-4
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C14B9.8 is orthologous to the human gene PHOSPHORYLASE KINASE,
LIVER, ALPHA-2 SUBUNIT (PHKA2\; OMIM:306000), which when
mutated leads to liver glycogenosis.
ceh-48 encodes a ONECUT class CUT homeobox protein with a single Nterminal cut domain\; the cut domain may be a compact DNA-binding
domain composed of alpha helices\; CEH-48 is strongly affiliated with, and
may be orthologous to, Drosophila ONECUT and mammalian HNF6
proteins\; ceh-48 has no obvious function in mass RNAi assays.
N.A.

osta-2

N.A.
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vha-16 encodes an an ortholog of subunit d of the membrane-bound
(V0)domain of vacuolar proton-translocating ATPase (V-ATPase)\; VHA-16
ispredicted to mechanically anchor the V-ATPase cytosolic rotor (stalk)
tothe membrane, while also providing a hub for the V-ATPase
transmembranerotor\; vha-16 is expressed in diverse tissues (e.g.,
excretory cell,pharynx, intestine, hypodermis, and neurons).
N.A.
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cdgs-1

C33H5.18 encodes a CDP-diglyceride synthetase ortholog required for
locomotion and osmoregulation\; given its biochemical function in other
organisms, C33H5.18 is expected to catalyse synthesis of cytidine
diphosphate-diacylglycerol (CDP-DAG), an activated precursor for anionic
and zwitterionic phospholipids, and is likely to regulate phosphatidylinositol
lipid signalling\; one might expect loss of C33H5.18 function to be lethal,
but its deficiency may be supplemented by lipids in food.
N.A.
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0.56

WBGene0001661
0
WBGene0001661
4
WBGene0001696
1
WBGene0001706
6

paqr-1

N.A.

trpp-12

N.A.

vps-32.1

N.A.

maco-1

0.82

WBGene0001713
8

EEED8.10

0.23

WBGene0001721
7
WBGene0001729
3
WBGene0001730
2

F07F6.4

maco-1 encodes a novel protein with five transmembrane domains in the
N-terminus and four coiled coil domains in the C-terminus\; maco-1 is
functionally conserved across species and is orthologous to human
macoilin (OMIM:601301)\; macoilin is involved in assembly or traffic of ion
channels or ion channel regulators\; MACO-1 is not required for
development but for appropriate regulation of neuronal activity\; both
transmembrane domains and coiled coil domains are required for
appropriate function of MACO-1\; proper function of MACO-1 is necessary
for normal thermotaxis in many neurons\; mutations in C. elegans macoilin
disrupt aggregation and are associated with multiple behavioral defects\;
MACO-1 is localized to the rough ER of neurons\; MACO-1 is also
restricted to neuronal cell bodies at embryonic developmental stages.
This gene encodes a protein containing an F-box, a motif predicted to
mediate protein-protein interactions either with homologs of yeast Skp-1p
or with other proteins.
N.A.

bmy-1

N.A.

F09F7.5

F09F7.5 encodes, by alternative splicing, three isoforms of an unfamiliar
protein required for in conjunction with LIN-35 for normally large brood
size, in conjunction with CLK-2 for normally rapid growth, and for normally
short lifespan\; F09F7.5 binds equally well to Cdc42 and Rac GTPases in
vitro, probably through its N-terminal P21-Rho-binding domain\; F09F7.5

0.96
0.15
0.28

0.53
0.97
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0.15
0.95
0.97
0.58
0.43

0.78
0.91
0.6
0.81
0.97

WBGene0001751
3
WBGene0001767
6
WBGene0001793
1
WBGene0001807
6
WBGene0001829
4

F16F9.1

has no obvious orthologs outside of Caenorhabditis species, and aside
from its N-terminus is interspersed with low-complexity residues.
N.A.

F21F3.7

N.A.

picc-1

N.A.

pifk-1

N.A.

atg-18

WBGene0001836
9
WBGene0001873
9
WBGene0001920
9
WBGene0001930
4
WBGene0001950
4

mig-39

atg-18 encodes, by alternative splicing, two isoforms of a WD40 repeatcontaining protein orthologous to the autophagic budding yeast protein
Atg18p, and to human WIPI1 (OMIM:609224) and WIPI2 (OMIM:609225)\;
ATG-18 activity is essential for normal dauer morphogenesis and
autophagy in daf-2 mutant animals\; ATG-18 is expressed in larval and
adult pharynx, bodywall muscle, hypodermis, seam cells, and neurons, and
in larval intestine\; in mass RNAi assays, ATG-18 is required for normally
rapid growth, and is weakly required for the viability of cup-5(ar465)
mutants.
N.A.

F53B1.8

N.A.

emc-1

N.A.

K02D10.4

N.A.

K07H8.2

K07H8.2 encodes, by alternative splicing, three isoforms of an ortholog of
human SLC41A1 (OMIM:610801) and bacterial MgtE\; like its orthologs,
K07H8.2 is predicted to transport Mg(2+) into cells\; K07H8.2 is paralogous
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0.91
0.28

WBGene0001965
6
WBGene0001980
7

slc-25A10

0.95

WBGene0002009
4

wip-1

0.93

WBGene0002011
4

pde-4

0.65

WBGene0002018
4
WBGene0002024
6

uba-5

jamp-1 encodes the ortholog of the endoplasmic reticulum (ER) stressinducible JNK-associated membrane protein (JAMP)\; jamp-1 is involved in
the clearance of misfolded proteins, most likely by facilitating the
localization of proteasomes at the ER and promoting their activity\; JAMP-1
localizes to the endoplasmic reticulum and associates with components of
the proteasome and endoplasmic reticulum-associated degradation
system.
wip-1 encodes the C. elegans ortholog of WASP-interacting protein\; wip-1
is required for embryonic morphogenesis, specifically ventral enclosure\;
WIP-1 is predicted to bind G-actin and in a yeast two-hybrid assay WIP-1
physically interacts with WSP-1, the C. elegans WASP ortholog\; WIP-1
and WSP-1 are mutually required for normal protein levels\; WIP-1 is
broadly expressed in the embryo and is found in migrating hypodermal
cells during ventral enclosure.
pde-4 encodes a cAMP phosphodiesterase orthologous to Drosophila
dunce and the mammalian PDE4 family of phosphodiesterases\; genetic
analysis indicates that pde-4 activity is required for negative regulation of
cAMP pools in the synaptic signaling network that controls locomotory
rates and for regulation of sleep-like behavior (lethargus) during larval
development\; antibody staining of adult animals detects PDE-4 throughout
the nervous system, where it localizes to non-active zone areas of
synapses.
N.A.

clic-1

N.A.

0.15

jamp-1

to ZK185.2 and ZK1053.6\; K07H8.2 is expressed in intestine, but has no
obvious function in mass RNAi assays.
N.A.
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0.16
0.96

0.84
0.83
0.96

0.14
0.89
0.97
0.96
0.8

WBGene0002051
0
WBGene0002086
7

T14G11.1

N.A.

shc-2

WBGene0002135
2
WBGene0002170
2
WBGene0002183
4

pcyt-2.1

T27F7.2 encodes three proteins by multiple splicing, two of which
(T27F7.2A-B) are fully orthologous to vertebrate Shc proteins (e.g.,
p52\/p46SHC and p66SHC)\; like their orthologs, T27F7.2A-B have a PTB
and an SH2 domain in N- to C-terminal order\; T27F7.2 is expressed in
gastrulating embryos (probably in neural precursors)\; T27F7.2 might be
involved in RAS signal transduction or regulation of apoptosis.
N.A.

Y48G9A.9

N.A.

mab-31

WBGene0002184
4
WBGene0002185
4
WBGene0002225
1
WBGene0002277
6
WBGene0002278
5

sec-11

mab-31 encodes a novel protein that is highly conserved amongst
nematodes\; mab-31 functions in the TGF-beta signaling pathway to
regulate the male tail ray patterning process, specifically the positioning of
the R7-derived ray cell cluster\; a mab-31::gfp reporter is expressed in a
wide variety of tissues, including the intestine, hypodermis, pharynx, and
neuronal support cells\; in males, mab-31::gfp is also seen in the ray
structural cells\; a MAB-31::GFP localizes to the nucleus.
N.A.

Y54F10AR.1

N.A.

blos-2

N.A.

perm-3

N.A.

ZK652.6

N.A.
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0.81
0.63
0.96

0.91

WBGene0002285
5
WBGene0004402
5
WBGene0004409
4

tcer-1

N.A.

T01G1.4

N.A.

fitm-2

WBGene0004432
5

tag-321

fitm-2 encodes an ortholog of FIT1 and FIT2, membrane proteins of the
endoplasmic reticulum that both induce, and are required for, lipid droplet
accumulation\; more distantly, FITM-2 is orthologous to budding yeast
Scs3p and Yft2p.
N.A.
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Appendix D: Gene ontology of mir-44 family germline male expressed targets.
Term
small GTPase mediated signal transduction
actin cytoskeleton organization
engulfment of apoptotic cell
regulation of locomotion
locomotion
transport
growth
negative regulation of cell division
axon extension
regulation of pharyngeal pumping
embryo development ending in birth or egg hatching
intracellular signal transduction
regulation of oviposition
synaptic vesicle transport
3'-UTR-mediated mRNA destabilization
mitophagy
actin cortical patch localization
actin cortical patch assembly
positive regulation of actin nucleation
actin filament-based movement
reproduction

Count
10
4
7
5
33
22
8
3
4
4
55
7
4
3
3
3
2
2
2
2
40

%
5.5
2.2
3.8
2.7
18
12
4.4
1.6
2.2
2.2
30.1
3.8
2.2
1.6
1.6
1.6
1.1
1.1
1.1
1.1
21.9

P-Value
4.90E-06
1.20E-03
1.20E-03
1.50E-03
1.70E-03
2.70E-03
6.60E-03
7.50E-03
1.40E-02
1.40E-02
1.60E-02
1.80E-02
1.90E-02
1.90E-02
2.40E-02
2.60E-02
2.70E-02
2.70E-02
2.70E-02
2.70E-02
3.70E-02

Fold
Enrichment
7.8
18.5
5.8
10
1.7
2
3.6
22.2
7.8
7.8
1.3
3.4
7.1
13.9
12.3
11.7
74.1
74.1
74.1
74.1
1.3
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cell division
actin filament severing
positive regulation of innate immune response
axon guidance
cell cycle
protein transport
negative regulation of locomotion
phospholipid biosynthetic process
oviposition
mitotic spindle organization
protein ubiquitination
cortical granule exocytosis
positive regulation of neurotransmitter secretion
mitotic cell cycle arrest
phosphatidylinositol-mediated signaling
positive regulation of transcription from RNA polymerase II
promoter
body morphogenesis
nematode larval development
protein glycosylation
regulation of proteolysis
synaptic vesicle exocytosis
vesicle-mediated transport
synaptic vesicle endocytosis
protein targeting to vacuole

6
2
2
5
6
6
3
3
10
4
5
2
2
2
2
6

3.3
1.1
1.1
2.7
3.3
3.3
1.6
1.6
5.5
2.2
2.7
1.1
1.1
1.1
1.1
3.3

3.70E-02
4.00E-02
4.00E-02
4.00E-02
4.00E-02
4.00E-02
4.10E-02
4.10E-02
4.60E-02
5.00E-02
5.10E-02
5.30E-02
5.30E-02
5.30E-02
6.50E-02
6.70E-02

3.2
49.4
49.4
3.9
3.2
3.2
9.3
9.3
2.1
4.8
3.6
37
37
37
29.6
2.7

14
35
4
2
2
4
2
2

7.7
19.1
2.2
1.1
1.1
2.2
1.1
1.1

7.10E-02
7.70E-02
7.70E-02
7.80E-02
7.80E-02
8.20E-02
9.00E-02
9.00E-02

1.7
1.3
4
24.7
24.7
3.9
21.2
21.2
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Appendix E. List of Gene Names and Description of Functions
Gene Abbreviations
mir-44

mir-45

mir-61
mir-247
alg-1
alg-2

alg-5

drsh-1
pash-1
ain-1/2
glh-1
dcr-1
mir-35 family
fbf-1/2

fem-3

tra-1

Description
Encodes a miRNA. Member of the mir-44
family. Mature miRNA is identical to mir45
Encodes a miRNA. Member of the mir-44
family. Mature miRNA is identical to mir44
Encodes a miRNA. Member of the mir-44
family.
Encodes a miRNA. Member of the mir-44
family.
Encodes Argonaute protein involved in
miRISC. Functions in somatic cells.
Encodes Argonaute protein involved in
miRISC. Functions in somatic and germ
cells.
Encodes Argonaute protein involved in
miRISC. Functions in somatic and germ
cells.
Encodes a ribonuclease. Functions in
miRNA biogenesis.
Encodes an RNA binding protein.
Functions in miRNA biogenesis.
GW182 ortholog. Involved in the miRISC.
Encodes a germline Helicase. Involved in
miRISC in germ cells.
Encodes an endonuclease. DGCR8
ortholog. Involved in miRNA biogenesis.
miRNAs in the mir-35 family includes mir35-42.
Fem-3 mRNA Binding Factor. PUM1
ortholog: pumilio RNA binding family
member 1. Functions to repress several
elements of germline sex determination
Loss-of-function fbf-1(ok91) mutants
make excessive amounts of sperm.
Novel protein involved in germline sex
determination, typically represses tra-1.
Gain-of-function fem-3 mutants make
excessive numbers of sperm.
Transcription factor. Involved in germline
sex determination. Repressed by FEM-3
and modulates levels of the terminal
regulators FOG-1 and FOG-3.
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fog-1

swm-1

try-5

spe-44

him-8

unc-17

mir-2, mir-42, mir-250, mir-797

Encodes a cytoplasmic P-element binding
protein. Involved in germline sex
determination as one of the terminal
regulators.
Encodes a protease inhibitor. Involved in
spermiogenesis. Loss of function swm-1
mutants have sperm that activates
prematurely.
Encodes a trypsin like protease. Involved
in spermiogenesis. Loss of function try-5
mutants fail to activate.
Ortholog of human GMEB1
(glucocorticoid modulatory element
binding protein 1) and GMEB2
(glucocorticoid modulatory element
binding protein 2). Used as a marker for
sperm specific transcription in this work.
high incidence of males. Involved in
meiotic chromosome segregation. Used
in this work to generate males for
analysis.
Ortholog of human SLC18A3 (solute
carrier family 18 member A3). Used as a
dominant marker in this work to
differentiate between self and cross
progeny.
miRNAs in the mir-2 family. mir-42, mir250, and mir-797 are in genomic clusters
with mir-44 family members.

